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Instabilities in buoyant jets and plumes 

Patrick Huerrea, R. V. K. Chakravarthya and Lutz Lesshaffta 

Buoyant jets and plumes are flows which are widely encountered in our 
environment and in industrial applications. The objective of the presentation is 
to demonstrate that the dynamics of the large scale structures which they support 
may be described in terms of instability waves evolving on a suitable base flow. 
In this setting, the two main control parameters are the Richardson number Ri 
and the density ratio S between the ambient density and the flow density. The 
parameter Ri measures the relative importance of buoyancy and momentum flux 
and its magnitude determines whether the flow is a buoyant jet or a plume. By 
contrast, the proximity of the density ratio S to unity dictates whether the 
Boussinesq approximation is legitimate. If S is too large, it is argued that the low 
Mach number approximation provides a more suitable model. This observation 
naturally justifies dividing the presentation into two parts. In the first, the local 
instability characteristics at each vertical station are determined for a Boussinesq 
fluid, while, in the second, the global instability of the flow is examined in the 
low Mach number setting. A comparison of the predictions of this approach 
with available experiments indicates a reasonable agreement over several decades 
of Richardson number. 

a Laboratoire d’Hydrodynamique – LadHyX, CNRS – Ecole Polytechnique, Palaiseau, France
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Leonardo da Vinci, Theodore von Kármán, Andrei Kolmogorov, Ian 
Proudman, William H. Reid and Giorgio Parisi 

     Five Centuries of Temporal Decay of the Turbulence 
Will there soon be an IR-multifractal theory of the energy decay of 

turbulence? 
Uriel Frisch 

Labor J.L. Lagrange, Observatoire de la Cote d'Azur, CNRS, Nice, France 

+ discussions with Konstantin Khanin, Rahul Pandit and Dipankar Roy

Leonardo da Vinci (1452-1519) had a strong interest in hydrodynamics, particularly in the 

last 15 years of his life. Around 1505, in one of his mostly famous notebooks, Leonardo got 

interested in "turbulence" (he was the first to propose this name).  Examining the 

"turbulences" (eddies) in the river Arno of Florence, he found that the amplitude of the 

turbulence was decreasing very slowly in time, until it would come to rest (within the 

surrounding river) [1]. In spite of Leonardo's strong interested in mathematics, at that time, 

it consisted basically of geometry and simple polynomial equations. There were no tools 

able to described the very slowly temporal relaxation of turbulence. 

This topic would remain dormant for about 430 years, until in 1938 Kαrmαn [2], triggered 

by Taylor, established that the mean energy of the turbulence should decrease very slowly, 

indeed like an inverse power of the time elapsed. Three years later, Kolmogorov [3] found 

a algebraic mistake in Kαrmαn's calculation; Kolmogorov himself found another inverse 

power (10/7) of the time elapsed. This, likewise was wrong, because he was assuming a 

certain invariance property (Loitsiansky [4]), proved later wrong by Proudman and Reid [5]. 

The main change in the last few decades is that fully developed turbulence is definitely not 

self-similar, not only is it fractal (as proposed by  Mandelbrot),  but it can have infinitely 

many fractal scalings  (multifractality), as proposed by Parisi and Frisch in the eighties [6]. 

Furthermore, multifractality can manifest itself either at small scales or at large scales. The 

latter might change the law of energy decay. Not  enough is understood for the 3D Euler 

equations, but large-scale multifractality for the Burgers is an interesiing possiibility, which 

is  being explored by Frisch, Khanin, Pandit and Roy. A brief exploration of  what happens 

to the energy decay-law will be presented. 

_______________________ 
[1] Frisch, U. 1995 "Turbulence. The legacy of A.N. Kolmogorov", CUP (p. 112).

[2] Karman, T. and Howarth, L. 1938. On the statistical theory of isotropic
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Part II 
Invited Lectures 



Life in vanishing interfaces 

L. Bourouibaa

Upon reaching the air–water interface, bubbles are the source of myriads of 
droplets transporting organisms, chemicals, or particles from the bulk in which they 
traveled to the air that we breathe. Bubbles also form during drop impacts and 
splashes, all of which contribute to further emission of organisms or particulate laden 
droplets. An understanding of these emissions starts by elucidating the physics of 
dynamically evolving interfaces. Here, we first focus on the physics of the problem for 
the case of bubbles and show how a large class of Marangoni-inducing effects 
fundamentally change the thinning of their films, and hence their lifetime. We also 
discuss how a rich class of interfacial phenomena can have profound implications on 
the short and long-range dispersal of contaminants and life. 

a The Fluid Dynamics of Disease Transmission Laboratory, MIT, 77 Massachusetts Ave., Cambridge, 
MA, USA. Contact: lbouro@mit.edu  
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Fluid dynamics of the human nose: An overview of clinical 
perspectives enabled by CFD

Maurizio Quadrioa 

The airflow within the human nose is a scantly known, yet challenging fluid 
dynamical problem, with major importance in terms of incidence of pathologies and 
social impact. Breathing has a rich flow physics (a particle-laden multi-phase flow 
within non-rigid boundaries, with heat exchange and other thermodynamic processes), 
and takes place in an extremely intricate anatomy, with huge inter-subject variations, 
so that the concept of “functionally normal nose” remains elusive. 

In this talk, after a intnroduction to the problem and its medical, social and 
economical relevance, I will describe the approaches we are pursuing for surgery 
planning. They span from an unconventional use of Machine Learning augmented by 
CFD to optimization techniques. They are all designed to be usable in a clinical 
setting, and start from routinely available CT scans. This is happening within 
OpenNOSE, an informal multi-disciplinary community that is gathering around the 
attempt to add CFD to the toolbox of the Ear, Nose and Throat (ENT) doctors.  

The talk will emphasize how we are leveraging our experience in turbulent flow 
control to transform the patient-specific surgery planning into a problem that can be 
realistically managed and solved by ENT surgeons in their daily activity. 

a
Dep. Aerospace Science and Technologies, Politecnico di Milano, Italy
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Dynamics of finite-size particles in turbulent flows

M. Uhlmanna

Turbulent flow seeded with solid particles is encountered in a number of natural and 
man-made systems, as diverse as the earth's atmosphere, rivers, the human respiratory 
tract, chemical engineering devices, etc. The particle motion exhibits intricate 
dynamical features which are difficult to capture with computationally tractable 
closure models. One commonly observed phenomenon, which affects many 
macroscopic properties of typical fluid-particle systems, is the occurrence of a non-
trivial spatial distribution of the disperse phase. While particle clustering in turbulence 
has received much attention in the context of small (point-like) particles, its origins 
have been far less thoroughly explored in the case of particles with a size exceeding 
the Kolmogorov length scale1. One of the challenges in finite-size particle dynamics 
lies in a proper separation of the roles of particle density and particle size which are 
sometimes reduced to a single parameter in the form of the particle response time. In 
the present contribution we will discuss data generated with the aid of particle-
resolved direct numerical simulation (PR-DNS) in idealized configurations, such as 
when forced homogeneous-isotropic turbulence acts as the carrier flow. In this case 
we now have significantly extended the earlier data-set of Uhlmann & Chouippe2 with 
a particular focus on the range of available flow scales and on the particle/fluid 
density ratio. In the presentation we will describe the numerical methodology, our 
validation/benchmarking strategy, and aspects of the data-analysis3. We will also give 
an outlook on our ongoing work towards using invariant solutions (equilibria or 
periodic orbits) of the Navier-Stokes equations as proxy carrier flows instead of the 
chaotic state, as proposed in reference4. 

a
Institute for Hydromechanics, Karlsruhe Institute of Technology, Kaiserstr. 12, 76131 Karlsruhe, 

Germany

1Brandt and Coletti, Annu. Rev. Fluid Mech. 54, 159 (2022)
2Uhlmann and Chouippe, J. Fluid Mech. 812, 991 (2017)
3Uhlmann, Physica A 555, 124618 (2020)
4Pestana et al., Phys. Rev. Fluids 5, 034305 (2020)
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Instabilities and pattern formation in viscous fingering 

Anne Juela 

Viscous fingering in a Hele-Shaw channel is a canonical example of diffusion-limited 
interfacial growth phenomena which exhibits a fascinating range of complex 
dynamics. An important advantage of this system for understanding pattern formation 
is that the key system information is encapsulated in the interface. When air displaces 
a viscous fluid in the narrow gap between two parallel plates forming a channel, the 
initially flat interface is linearly unstable. The destabilisation of this flat interface is 
followed by the growth and competition of fingers, resulting in the eventual steady 
propagation of a single finger, i.e., a curved front. When the curved front is in turn 
perturbed locally with finite amplitude, many more complex modes of propagation 
including periodic modes can be observed, often fleetingly, thus suggesting that they 
are unstable. In this talk, we show that similar pattern forming modes of front 
propagation can be harnessed by altering the channel geometry. We explore the 
conditions required for tip instabilities of propagating curved fronts to promote 
complex pattern formation in both rigid and compliant systems and the role of these 
tip instabilities in the generation of disordered front propagation.   

a
MCND, Dept. of Physics & Astronomy, University of Manchester, Oxford Road, Manchester M13 

9PL, UK.
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Rapidly rotating container flows subjected to libration and 
precession 

Juan M. Lopeza, Bruno. D. Welferta and Ke Wub 

Rapidly rotating contained flows subjected to low amplitude parametric forcing, such 
as libration or precession modulating the rotation amplitude or direction, are 
ubiquitous in geophysical and astrophysical flows, as well as in many technological 
applications. Rapidly rotating flows, characterized by small Ekman numbers (ratio of 
viscous time scale to rotation time scale), support inertial waves due to the restorative 
Coriolis force. Low amplitude parametric forcing can extract a portion of the available 
rotational energy in a rapidly rotating contained body of fluid and convert it into 
intense fluid motions via the resonant excitation of inertial waves. The Ekman 
numbers of geophysical and astrophysical flows are many orders of magnitude smaller 
than what can be achieved in laboratory experiments, and the forcing amplitudes in 
experiments need to be relatively large in order to measure a signal reliably. The 
response flows are then dominated by viscous and nonlinear effects that may not be 
prevalent in the very low Ekman and low forcing amplitude regimes. Direct numerical 
simulations of the Navier-Stokes equations with no-slip boundary conditions are now 
able to simulate librating and precessing flows at Ekman numbers as small as, or 
smaller than, those in laboratory experiments, at small forcing amplitudes over the 
entire inertial range of forcing frequencies. This is opening up new insights into these 
fascinating flows. The talk will present an overview of our recent results.  

a
School of Mathematical and Statistical Sciences, Arizona State University, Tempe, AZ; 85287, USA 

b  Department of Mathematics, Purdue University, West Lafayette IN; 47907, USA  
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Multiscale fluid mechanics at the ocean—atmosphere  interface 

By S. Popineta, L. Deikeb, W. Mostertb,c, P.K. Farsoiyab, J. Wub, 
B. Derembled, T. Uchidad, A. Bernya, T. Séona

   Turbulent exchanges of mass, heat and momentum between the ocean and the 
atmosphere are a critical component of the climate system. Climate models currently 
use relatively crude semi-empirical parameterization of these fluxes often based on 
in-situ observation campaigns. The limitations of these parameterizations (range of 

validity, robustness, sensitivity etc.) are well-known to climate modelers. They are 

due both to the difficulty of acquiring enough experimental data and to a lack of 
understanding of the complex processes linking sub-millimetric physics to kilometer-

scale fluxes. In this talk, I will report on recent results from a collaborative effort to 
build a hierarchy of theoretical and numerical models able to span this range of spatial 
scales. The resulting framework will hopefully allow to fill the gap in available 

experimental/field data and to make the link between climate-scale parameterizations 
and small-scale physics. 

_________________________ 

a CNRS & Sorbonne University  
b Princeton University 
c Oxford University  
d Université Grenoble Alpes
1W. Mostert, S. Popinet, and L. Deike (2022). High-resolution direct simulation of deep-water 
breaking waves: transition to turbulence, bubbles and droplets production. Journal of Fluid 
Mechanics, 942, A27.
2J. Wu, S. Popinet, and L. Deike (2022). Revisiting wind wave growth with fully-coupled direct 
numerical simula- tions. Submitted to Journal of Fluid Mechanics.

  3S. Popinet (2020). A vertically-Lagrangian, non-hydrostatic, multilayer model for multiscale free-
surface flows. 

Journal of Computational Physics, 418:109609.
4T. Uchida, B. Deremble, and S. Popinet (2022). Deterministic model of the eddy dynamics for a 
midlatitude ocean model. Journal of Physical Oceanography , 52(6), 1133–1154.
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Figure 1. (top left) Direct Numerical Simulation of wave breaking [1]. (top

right) Interaction between a wave field and a turbulent atmospheric boundary 

layer [2]. (bottom left) Distribution of breaking events for a realistic oceanic 

wave spectrum [3]. (bottom right) Eddy kinetic energy for a quasi-

geostrophic mid-latitude ocean model [4]. 
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Modeling and Numerical Discretization in 
Large Eddy Simulation of Turbulence 

R. Mosera, G. Yallab, and T. Olivera

The importance of turbulence in fluid mechanics applications is hard 
to over-state. Yet, reliable predictions of the effects of turbulence in 
complex technologically relevant flows are notoriously difficult. Large 
eddy simulation (LES), in which the large scales of turbulence are 
simulated while the effects of the unresolved small (subgrid) scales 
are modeled, is one of the more promising techniques for making such 
reliable predictions. It is expected to be a more accurate and robust 
modeling approach than the commonly used Reynolds averaged 
Navier-Stokes (RANS) modeling, and indeed, provided sufficient 
resolution is used, LES can be very reliable. However, for LES to be 
a practical tool for engineering applications, it is important that it 
provide reliable model predictions with the coarsest possible 
resolution. Such coarse resolution in LES introduces a number of 
challenges in both subgrid modeling and numerical discretization that 
arise because the assumptions underlying the subgrid models are 
violated and because the numerical discretization cannot be separated 
from the subgrid models.  In this talk, we will explore several of these 
challenges, including: 1) modeling the subgrid contribution to the 
mean Reynolds stress, 2) subgrid modeling in the presence of 
anisotropic LES resolution, 3) the effects of numerical dispersion and 
filtering on the energy cascade, and 4) the effects of inhomogeneous 
LES resolution. We will also discuss several modeling strategies to 
overcome some of these challenges and improve the reliability of 
coarsely resolved LES. 

a 
Oden Institute for Computational Engineering and Sciences, University 

of             Texas at Austin, Austin TX USA. 
b 

Dep. Mechanical Engineering, Johns Hopkins University, Baltimore, MD, USA. 
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Turbulent channel flows over anisotropic porous substrates 

E. N. Ahmeda, S. B. Naqvib, and A. Bottaroa

Turbulent shear flows over porous substrates are commonly encountered in nature and 
industrial applications. The behaviour of near-wall flow can be significantly affected by 
the microstructure details of the permeable bed; adequately engineered porous 
substrates can reduce drag in wall-bounded turbulent flows1, 2 by interrupting the cyclic 
interaction between turbulent vortices and streaks3. In this work, the multiscale 
homogenization theory is employed to bypass the expensive numerical resolution of the 
flow field within the pores of the substrate, alleviating the mesh requirements of direct 
numerical simulations. Second-order accurate effective boundary conditions of the 
upscaled velocity components (U, V, W) are derived, proceeding along the lines of 
Naqvi and Bottaro4, and are imposed along a virtual plane interface, beyond which the 
macroscale behavior of the channel flow is numerically studied. Different 
configurations were considered, in particular, aligned spanwise cylinders, longitudinal 
cylinders, and three-dimensional elements. For each configuration, the effective 
coefficients were first estimated via numerical solution of ad hoc auxiliary systems 
arising through analysis of the microscale problem. The results of the macroscopic 
problems, along with reference results of the full feature-resolving simulations, provide 
an enhanced vision of the dynamic mechanism responsible for drag reduction/increase 
in terms of the near-wall flow structure, suction/blowing events, and different 
turbulence statistics. For instance, it has been found that all patterns under study can 
allow for drag reduction when they are arranged at a sufficiently small periodicity; this 
is a point of optimization for different configurations (cf. Figure 1). 

a
DICCA, Università degli Studi di Genova, 16145 Genova, Italy

b
DIME, Università degli Studi di Genova, 16145 Genova, Italy 

1 Rosti et al., J. Fluid Mech. 842, 381 (2018).
2 Gómez-de Segura and García-Mayoral, J. Fluid Mech. 875, 124 (2019).
3 Jiménez and Pinelli, J. Fluid Mech. 389, 335 (1999).
4 Naqvi and Bottaro, Int. J. Multiphase Flow 141, 103585 (2021). 

Figure 1: Model results for turbulent flows over porous substrates consisting of either 

transverse or longitudinal cylinders, with a porosity of 0.5: (left) percentage change in drag 
coefficient vs. pattern periodicity in wall units; (right) sample velocity profiles.    
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Model for turbulent drag reduction of superhydrophobic surfaces 
in large Reynolds number flows 

J. R. Landela, S. D. Tomlinsona, O. E. Jensena,

F. Giboub and P. Luzzatto-Fegizb

Superhydrophobic surfaces (SHS) can reduce drag for flows over surfaces owing to 
a gas layer trapped in the SHS texture (Fig. 1a). Drag reduction (DR) by SHS could 
significantly reduce energy consumption and carbon emissions in industrial and marine 
applications such as maritime shipping, which accounts globally for 2% CO2 and 13% 
NOx and SOx emissions. Current models (dashed lines, Fig. 1b) predict that DR 

increases relatively rapidly with friction Reynolds number (𝑅𝑒𝜏), with DR→100% as 

𝑅𝑒𝜏 → ∞. This has been questioned in light of recent numerical and experimental 
data1,2,3 showing a departure from this trend, with possible saturation in DR, and a 

regime transition at large 𝑅𝑒𝜏 when the SHS texture size 𝑃+ ∼ 10 (in wall units). For

𝑃+ ≫ 10, we model the flow over parallel SHS ridges in a plane channel of height 2𝐻
using a turbulent heterogeneous layer near the SHS and a turbulent homogeneous layer 
as a shifted log law in the bulk. Using conservation of mass, momentum and continuity 

of velocity, we predict DR as a function of all input parameters. In the limit 𝑃/𝐻 ≪ 1, 
which corresponds to most applications, our model predicts a DR that asymptotically 

approaches the gas fraction, with a logarithmic dependence on 𝑃/𝐻 and 𝑅𝑒𝜏. Our 
prediction agrees with all available numerical data showing a logarithmic increase 

towards the gas fraction as 𝑃+, 𝑅𝑒𝜏 → ∞ (Fig. 1b). Our model provides the physical
mechanisms for this new regime of SHS DR at large Reynolds numbers, and testable 
predictions for the design and optimisation of SHS. 

a
Dep. of Mathematics, University of Manchester, Oxford Road, Manchester M13 9PL, UK

b
Dep. of Mechanical Engineering, University of California, Santa Barbara, CA 93106, USA 

1 Park et al., Phys. Fluids 25, 110815 (2013).
2 Türk et al., J. Fluid Mech. 747, 186 (2014).
3 Rastegari and Akhavan, J. Fluid Mech. 773, R4 (2015).

Figure 1: (a) Schematic of the flow over parallel SHS ridges for our model. (b) Model 

predictions against numerical data1,2,3 for the drag reduction versus SHS texture size in wall units. 
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Superhydrophobic surfaces:  
drag reduction of wall bounded turbulent flow 

C. Wilmsa, D. Matza, A. K. Kesela and A. J. Baarsa

Superhydrophobic surfaces can entrap gas within their surface texture and keep a thin 
air layer when submerged in water. Investigations in literature have shown a slip 
velocity on the surface leading to the potential of frictional drag reduction. Applied on 
ship hulls, such a surface is supposed to achieve a reduction in energy supply and 
emissions of greenhouse gases. 

Different structure geometries (squared pillars, squared holes, grooves in stream- and 
spanwise direction) and sizes (10 ≤ L+ ≤ 236) are investigated on drag reduction in

turbulent channel flow (Re = 180, 300) by direct numerical simulations. The effect of
the air layer is modelled by a common approach using a flat surface consisting of a slip 
condition for the air/water interface and a no-slip condition for the tips of the 
structure1. The fraction of the slip boundary condition to the complete area is kept 
constant at As/A = 0.75. Up to the authors' knowledge a comprehensive study of 
different surface structures under comparable conditions was carried out for the first 
time. 

With increasing structure size, the drag reduction rises non-linearly (Figure 1). 
Structure geometries which have a passage of slip to no-slip areas in flow direction 
(spanwise grooves) show lower drag reduction compared to those where the structure 
is aligned with the flow (streamwise grooves). Spatially averaged velocity profiles 
above slip and no-slip areas reveal remarkable differences for y+ < L+. Furthermore,
non-linear velocity profiles appear within y+ < 5. This can be explained by the
inhomogeneous boundary condition at the wall and the increased turbulent 
momentum transfer in the near wall region. 

a
Biomimetics, City University of Applied Sciences Bremen, Neustadtswall 30, Bremen, Germany 

1 Seo et al., J. Fluid Mech. 783, 448 (2015).

Figure 1: Drag reduction DR plotted versus structure size L+ in wall units for different surface

structures and friction Reynolds numbers Re
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Parametric forcing for roughness in turbulent channel flows: 
reduced order modelling using One-Dimensional Turbulence 

Juan A. Medina Méndeza, Heiko Schmidta, Pourya Forooghib 
and Livia S. Freirec 

This study presents an evaluation of rough wall effects on turbulent channel flows. A 
parametric forcing approach (PFA) to model the roughness is used together with the 
One-Dimensional Turbulence (ODT) model1 in turbulent channel flow simulations. 
Proper characterization of the roughness is an ongoing research issue receiving 
attention both in Direct Numerical Simulations (DNSs), and in modelled turbulent 
flow simulations. Understanding the effects of roughness in the turbulent flow is 
necessary to avoid the need of detailed simulations with full surface topology. One 
natural way to model surface roughness is by means of the Darcy-Brinkman-
Forchheimer’s law, as in Forooghi et al2. Nonetheless, there are several parameters 
characterizing roughness, see Jiménez3. A full-fledge parametric roughness evaluation 
using DNSs could be considered an unmanageable task, hence the need of reduced 
order models such as ODT, which allow the feasible evaluation of large parameter 
spaces with minimal empiricism in statistically dominant 1-D flows4 at the expense of 
sacrificing DNS accuracy and the access to 3-D flow operators. We present the results 
of simulations using a roughness PFA in ODT for mean velocity statistics in a 
turbulent channel, see Figure 1. Additionally, we compare results with simulations 
using a filtering operator5. The latter approach has also been applied in the context of 
a hybrid Large Eddy Simulation (LES) framework6. The latter is an outlook example 
for very large Reynolds number porous media flows, in which, even the reduced 1-D 
evaluation could be challenging, e.g., atmospheric flows. 

Figure 1: (a) Mean velocity profiles for smooth-wall turbulent channel flow, with comparison 
to DNS, as well as rough-wall turbulent channel flow of uniform roughness height k. (b) 
Crosswise Reynolds stress profiles. See roughness forcing details in Forooghi et al2. 

a
Chair of Numerical Fluid and Gas Dynamics, BTU Cottbus-Senftenberg, Cottbus, Germany 

b Department of Mechanical and Production Engineering, Aarhus University, Aarhus, Denmark 
c Institute of Mathematical and Computational Sciences, University of São Paulo, São Carlos, Brasil 
1 Medina Méndez et al., Proc. WCCM-ECCOMAS, DOI: 10.23967/wccm-eccomas.2020.338 (2021)
2 Forooghi et al, Int. J. Heat Fluid Flow 71, 200-209 (2018)
3 Jiménez, Annu. Rev. Fluid Mech. 36(1), 173-196 (2004)
4 Lignell et al, Theor. Comput. Fluid Dyn. 27, 273-295 (2013)
5 Freire and Chamecki, Agric. For. Meteorol. 250-251, 9-23 (2018)
6 Freire and Chamecki, Comput. Fluids 230, 105135 (2021)
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Remobilization of surfactant-laden interfaces on superhydrophobic 
surfaces 

M.D. Mayera, 2nd D.G. Crowdya, 3rd D.T. Papageorgioua

We consider flows of a liquid filled with soluble surfactants over transverse-ridge-type 
superhydrophobic surfaces. The gas-liquid interfaces (or menisci) are considered flat. 
Bulk and interfacial surfactant concentrations are captured via a two-dimensional 
convection-diffusion equation in the bulk and a one-dimensional convection-diffusion 
equation on the interface. These concentrations are coupled through a kinetic scheme 
of choice. Additionally, the interfacial surfactant is coupled to the Stokes equations 
through a Marangoni stress condition along the interface. The resulting system of 
equations is thus two-dimensional and highly coupled.  

Several recent studies have focused on the effects of surfactants on flows over 
superhydrophobic surfaces. Generally, they are thought to have a negative effect. 
Surfactants are swept downstream, accumulating on downstream edges of 
superhydrophobic gratings and causing surface tension gradients along the menisci. 
The resulting Marangoni force can retard flows. In fact, Peaudecerf et al.1 used both
numerical simulations and experiments to argue that even trace amounts of 
surfactants are enough to completely immobilise menisci. Because of the ubiquitous 
nature of surfactants in many potential applications, they point to a need to design 
superhydrophobic surfaces that mitigate these debilitating effects. In the study of 
rising bubbles, surfactants play an analogous role, reducing terminal rising speed. 
Wang et al.2. showed that it is possible to remobilize bubbles at high surfactant
concentrations. In this limit the interfacial surfactant concentrations normalize, 
significantly reducing Marangoni stresses. We discuss the possibility of extending this 
phenomenon to superhydrophobic surfaces. This is investigated through full solutions 
of the 2D Stokes equations and two surfactant evolution equations for arbitrary Péclet 
numbers. Solutions are computed through an in-house Chebyshev collocation scheme 
and various relevant limits will be discussed.  

a
Department of Mathematics, Imperial College London, London SW7 2AZ, UK

1 Peaudecerf, et al., Proc. Natl. Acad. Sci. U.S.A 114, 28 (2017).
2 Wang, Y et al., J. Fluid Mech, 390, 251 (1999).
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Cross-flow effects in the laminar-turbulent transition over rough 
and superhydrophobic oriented surfaces 

A. Jouina,b, S. Cherubinia, J.-C. Robinetb

Homogenised Navier slip conditions can be an effective way to model complex 
surfaces1. However, when considering oriented surfaces, such an approach fails to 
account for the shear stress orientation near the walls. Thus, following Pralits et al.2, a 
tensorial form of the Navier slip boundary conditions is adopted, yielding, in a 
channel flow, a spanwise velocity component in the base flow. Linear stability analysis 
is deeply impacted, most notably with the appearance of a second instability region for 
small streamwise and large spanwise wavenumbers. The initial perturbation consists in 
tilted counter rotating vortices and is reminiscent of what can be observed in swept 
flows3. The underlying instability mechanisms at play in this region are further 
explored through Direct Numerical Simulations (DNS) of the supercritical transition 
of the flow. After an initial phase of exponential growth, the perturbation, through 
nonlinearities, reaches a saturated state. From there, a modal secondary instability 
produces the quasi-spanwise invariant array of tilted vortices that can be seen in Fig.1. 
Through a bilocal stability analysis of the saturated base flow, the main instability 
mechanism is studied more in depth and is found to be Kelvin-Helmholtz related. 

a
DMMM, Politecnico di Bari, Via Edoardo Orabona, 4, 70126 Bari BA, Italy 

b DynFluid, ENSAM, 151, Boulevard de l’Hôpital, 75013 Paris, France 
1 Min and Kim, Phys. Fluids 17, 108106 (2005).
2 Pralits et al., Phys. Rev. Fluids 2, 013901 (2017).
3 Serpieri, Cross-Flow Instability, TU Delft (2018). 

Figure 1: Snapshot of the flow at during the laminar-turbulent transition. Coherent structures 
are identified with the λ2-criterion. Contour plot depicts the streamwise velocity at the wall. 
Flow is from left to right (streamwise direction), top to bottom (spanwise direction). Only the 
lower half of the channel is shown for the sake of clarity. 
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Experimental study of lubricant drainage on liquid-infused 
surfaces subjected to turbulent flow 

Sofia Saoncellaa, Shervin Bagheria and Fredrik Lundella,b

Skin friction drag produced by a surface on a fluid is an important theme in the field 
of industrial energy-saving engineering, and knowledge of it is fundamental to 
understand how to control or influence drag for specific applications. Several recent 
studies support the validity of liquid-infused surfaces (LIS) as a passive technique to 
modify the boundary conditions of a flow1. The most studied geometry of LIS 
consists of a solid substrate fabricated with a pattern of long parallel grooves, aligned 
with the main flow direction, and a layer of lubricant fluid, immiscible with the 
overflowing liquid, that fills the grooves. The presence of a liquid interface generates a 
slip length which lead to a change in the skin friction drag. Most of these studies have 
investigated the robustness and failure modes of the LIS, primarily oil drainage, in 
laminar flows with agreement with theoretical predictions2 and in turbulent flows3, but 
only in microscale. 

Here we demonstrate experimentally that a length of lubricant can be retained in 
the continuous grooves of a macroscale LIS even when it is subjected to a turbulent 
flow in a stable manner. The aim of this research is not only to understand the physics 
involved in the interaction between the turbulent flow and the liquid infusing the 
structured wall, extending current knowledge, but also to access the limits of 
applicability of these surfaces as a method of drag reduction. A novel water channel 
facility capable to sustain a turbulent flow up to shear Reynolds number 1200 was 
used to test the surfaces fabricated with a photolithographic technique. The technique 
used to measure the length of retained lubricant is based on fluorescence imaging: the 
lubricant is stained with a fluorescent dye which emits green light when exposed to 
the UV spectrum. The average retained length of the lubricant is measured at different 
Reynolds number flows to define the ideal conditions that allow this method to be 
efficient and robust for practical applications. 

a
KTH Mechanics, Linné FLOW Centre, Royal Institute of Technology, SE-100 44 Stockholm, 

Sweden
b

Wallenberg Wood Science Centre, Royal Institute of Technology, SE-100 44 Stockholm, Sweden 
1 Zhu et al., Nanoscale. 13, 3463 (2021).
2 Fu et al., Experiments in Fluids, 60, 1 (2019).
3 Wexler et al., Physical Review Letters, 114, 168301 (2015).

Figure 1: a) Schematic of oil retained in one groove, adapted from reference 3. b) Image of 

lubricant retention in a grooved surface in water channel with wall shear stress w=4 Pa.  
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Predicting roughness-induced drag based on active learning 

J. Yanga, S. Leeb, S. Bagheric, A. Stroha and P. Forooghid

Engineering surfaces in contact with fluid flows are often hydraulically rough. 
Predicting the skin friction caused by an arbitrary rough surface is a challenging task 
since these surfaces are inherently irregular and contain a broad range of length scales. 
Recent developments in data-driven methods and increasing affordability of heigh-
fidelity direct numerical simulations (DNS) have created new possibilities for the 
estimation of equivalent sand grain roughness for irregular rough surfaces. In the 
present work we aim to demonstrate a viable approach to efficiently train a predictive 
model for the equivalent sand roughness of isotropic irregular roughness based on its 
height probability density function (PDF) and roughness distribution power spectrum 
(PS). An active learning (AL) framework1 is employed to efficiently navigate the 
construction of the training database by iteratively strengthening the model with its 
most unconfident samples in the repository as schematically illustrated on the left 
panel of figure. Here the repository contains multiple hundreds of artificial rough 
surfaces included into the AL framework. The training database is constructed by 
conducting DNS of a flow over the roughness from the repository in minimal 
channels2 to minimize the computational effort. The exemplary instantaneous flow 
field is shown on the right panel of the figure. An ensemble neural network (ENN) 
model -which represents the ensemble of 50 individually trained neural networks with 
random initializations- is trained based on the database. The ENN model shows 
promising potential in predicting the skin friction as well as estimating the epistemic 
(model) uncertainties. Furthermore, the model -which is trained on artificial roughness 
database- is tested on five realistic surface scans, where prediction results with errors 
lower than 10% are achieved. Overall, the AL framework shows a great potential as a 
basis for the future research towards a universal predictive tool. 

a
Institute of Fluid Mechanics, Karlsruhe Institute of Technology, Karlsruhe, Germany

b
Department of Mechanical Engineering, Inha University, Incheon 22212, South Korea

c
Department of Engineering Mechanics, FLOW Centre, KTH, Stockholm SE-100 44, Sweden

d
 Department of Mechanical & Production Engineering, Aarhus University, Aarhus, Denmark 

1 C. Aggarwal et al, in Data Classification: Algorithms and Applications, chap. 22, pp. 572. (2020)
2 D. Chung et al., J. Fluid Mech. 773, 418. (2015)

Figure: Schematic of AL-framework (left) and instantaneous streamwise velocity over 
simulated rough surfaces (right). 
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LES, LES-informed RANS, and data-driven RANS simulations of 
large-scale roughness-induced secondary flows

A. Amarlooa, P. Forooghia and M. Abkara

For Reynolds-averaged Navier-Stokes (RANS) simulations of turbulent flows, current 
physics-based closure models have shown shortcomings. Since more high-fidelity 
simulation data is available, there is a high potential that a well-trained data-driven 
method can lead to better modelling capabilities.  

For investigation of the aforementioned potential, an in-house pseudo-spectral 
finite-difference code1 is used for large-eddy simulations (LES) of the turbulent 
boundary layer cases with different spanwise roughness heterogeneity at the bottom 
wall. The LES provides the high-fidelity generated data for the cases (one example at 
Fig. 1, more details about LESs at Ref.2). An open-source code software (OpenFOAM 

v2112) with the k- turbulence model is used to perform low-fidelity simulations. The 
LES results showed that the spanwise roughness heterogeneity induces large-scale 
secondary rolls inside the turbulent boundary layer (Fig. 1-a). As expected, the RANS 
simulation was not able to capture the large-scale secondary rolls (Fig. 1-b). 

For improving the RANS simulation, we propagated the high-fidelity information 
into the RANS simulation by including correction terms for Reynolds stress anisotropy 
and turbulent kinetic energy equation (inspired by Schmelzer et al3). The LES-informed 
RANS simulations show promising results in reproducing the secondary motions (Fig. 
1-c), although there are minor discrepancies in the shape and strength of the rolls.

Given the promising performance of the LES-informed RANS simulation
framework, it is considered as a basis for training a data-driven correction model for 
RANS models. The physics-informed data-driven method is evaluated on the prediction 
of the correction terms with special attention to the structure of the machine, selection 
of the input features, and the interpretability and generalizability of the model.  

a
Dep. Mechanical & Production Engineering, Aarhus University, 8000 Aarhus C, Denmark 

1 Abkar and Moin, Bound-lay Meteorol. 165-3, 405 (2017).
2 Amarloo et al., Theor. App. Mech. Lett. (In Press), 100317 (2022).
3 Schmelzer et al., Flow Turbul. Combust. 104-2, 579 (2020).

Figure 1: Turbulent channel flow over spanwise roughness heterogeneity. Contours of 
streamwise velocity and vectors of the in-plane velocity. The thick solid black line indicates the 
high roughness patch, (a) LES, (b) RANS, (c) LES-informed RANS. 
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Gravity driven thin film flows down cylinders with topography. 

S.R. Harrisonab, D.T. Papageorgioub 

Thin film flows down corrugated cylinders has applications to the geophysical world in 
the cases of icicles1 and stalactites2, however these tend to model the hydrodynamics as 
flowing down an inclined flat plate. Thin film flows down cylinders3 and over 
topography4 have been previously studied independently and we will use these to build 
a more appropriate surface geometry.  

A model is developed by considering a stalactite to be a cylinder with sinusoidal 
corrugations along its surface. Using the assumptions that the radius of the cylinder and 
the wavelength of the corrugation are much larger than the fluid thickness, two thin 
film evolution equations are developed. The difference between the two equation is the 
magnitude of the surface tension, resulting in whether inertia is present. Steady state 
solutions are found and the effect of the wavelength and amplitude of the wall on the 
stability is investigated. A key parameter being the ratio between the wavelength of the 
wall and the radius, as this results in the surface tension from azimuthal or axial 
curvatures to dominate. The dynamics from these equations are also studied. For the 
small wavelengths that were previously shown to be stable we find that the solutions 
tend to the steady states. The unstable steady states settle into a time periodic wave for 
medium wavelengths which become chaotic for longer wavelengths. Increasing the 
amplitude of the wall results in a strong pressure gradient that is able to hold the flow 
until enough fluid builds up behind and a drop travels the period. Increasing the 
amplitude further causes the fluid to dewet from the wall.  

a Dep. Mathematics and Statistics, University of Reading, Reading RG6 6AX, UK 
b Dep. Mathematics, Imperial College London, London SW7 2AZ, UK 
1 Ueno, Phys. Fluids, 19(9), 093602 (2007)
2 Short et al. Phys. Fluids 17 (8), 083101 (2005); Camporeale, Journal of Fluid Mechanics 826 636 (2017)
3 Kalliadasis & Chang, Journal of Fluid Mechanics, 261, 135-168 (1994); Craster & Matar, Journal of Fluid 
Mechanics, 553, 85-105 (2006)
4 Tseluiko et al. Journal of Fluid Mechanics, 729, 638 (2013)
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Towards a data-driven analysis of drag inducing irregular 
roughness structures 

Sangseung Leea, Seyed Morteza Habibi Khorasanib, Zhaoyu Shib and 
Shervin Bagherib 

Flow over irregular rough surfaces is universal in practice, e.g., oceanic flow over bio-
fouled ship hulls and flow over turbine blades worn by corrosion. Such irregular 
roughness structures increase the hydrodynamic drag on surfaces by deterring the 
momentum transportation of flow near the wall. However, the drag increase is not 
only proportional to the average height of the roughness structures, which block the 
flow, but also correlated to the roughness patterns that alter the flow characteristics by 
geometric effects. For example, patterns of negatively skewed structures can also 
increase the hydrodynamic drag by altering the pressure distribution near the wall. 
Accordingly, researchers have studied the effects of statistical parameters of roughness 
height on the increase of hydrodynamic drag1,2,3,4,5. However, no universal statistical 
models have been able to draw a general conclusion of the question of “what are the 
constituent structures and patterns of irregular rough surfaces that induce the 
hydrodynamic drag?” In this presentation, we will introduce attempts to discover the 
constituent roughness structures and patterns by interpreting neural networks. Results 
of sensitivity analysis of neural networks for learning the mapping between height 
maps of rough surfaces and the hydrodynamic drag will be introduced to discuss the 
effects of roughness structures on the hydrodynamic drag. In addition, results of 
predicting drag maps, which show regional contributions to the hydrodynamic drag, 
from roughness height maps will be discussed. 

*This abstract is submitted for a presentation in a mini-symposium with the
topic of “Shear flows over complex surfaces”, organized by Prof. Shervin
Bagheri (KTH) and Mitul Luhar (USC).
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Turbulent Boundary Layer development over isotropic 

3D Sinewave Surface Roughness
M. Abdelaziza, L. Djenidib, M. H. Ghayesha and R. China.

Turbulent boundary layers (TBLs) development over isotropic 3D sine-wave surface 

roughness are investigated experimentally at three different stream-wise locations (x 

=0.6 m, x =1.2 m, and x =1.6 m). Hereafter, x, y, & z are the stream-wise, wall-normal, 

and spanwise directions. A single hot-wire probe is used to measure the velocity over 

the 3D sine-wave roughness at three different free-stream velocities U∞ = (7, 15, and 20) 

m/s. The 3D sinewave surface function has an amplitude of k/2 = 1.2 mm and equal 

wavelengths in both stream-wise and span-wise directions of 5.7k, where k is the height 

from the lowest valley to the highest peak of the roughness. The surface was fabricated 

by CNC machining of acrylic sheets. This family of the 3D sinewave roughness is easy to 

manufacture and has a lot of flexibility to systematically change one or two roughness 

parameters and keep all other parameters fixed, to isolate and study the effect of 

particular roughness parameter on the roughness function ∆U+ and the coefficient of 

drag Cf. As expected, the major effect of roughness is observed in the downward shift of 

the stream-wise mean velocity profiles of the logarithmic region known as the 

roughness function ∆U+. Increasing the friction Reynolds number by increasing the free-

stream velocity increases the roughness function ∆U+ and shifts the velocity profile 

downwards. However, increasing the friction Reynolds number by moving further 

downstream and keeping the free-stream velocity constant does not change the 

roughness function ∆U+. Figure 1 shows the stream-wise mean velocity profiles over the 

3D sinewave surface at the three different stream-wise locations and compared with 

DNS smooth TBL data from Chan1. The results show collapse of the distributions of 

velocity defect, turbulence intensity, skewness, and flatness between the DNS smooth 

and the rough surface at different Reynolds numbers when scaled with δ, where δ is the 

boundary layer thickness. 

a School of Mechanical Engineering, University of Adelaide, Adelaide, 5005, SA, Australia 
b Mechanical Engineering Discipline, The University of Newcastle, Callaghan, 2308, NSW, Australia. 

1Chan, J. Fluid Mech. 921, (2021). 

Figure 1: Stream-wise mean velocity profiles over the 3D sine-wave surface. 
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Two inflection points of the mean velocity profile in a two-height 
heterogeneous canopy 

L. Shiga, V. Babinb, R. Shnappc, E. Fattalb, Y. Bohbot-Ravivb and A.
Liberzona 

Plant and urban canopies in the atmospheric boundary layer are heterogeneous, yet 
the representation of height heterogeneity on canopy turbulence remains a challenge1. 
We present wind tunnel experiments over a two-height canopy. The canopy was 
constructed from transverse rows of thin metal plates of two heights arranged in a 
staggered array (Fig. 1). This design forms a specific heterogeneity, in the form of two 
horizontal canopy layers. The layers differ in density, element frontal area index, 
element spacing and pattern (aligned versus staggered). We use 2D particle image 
velocimetry (PIV) measurements of the flow in multiple locations inside and above a 
repeating cell of the canopy layout (green lines in Fig. 1). The possible effects of the 
canopy's heterogeneity are identified by comparing the spatial averaged profiles with 
published results from uniform canopies constructed from plates. The plane mixing 
layer analogy2 is reflected in the statistics with a few reservations. A weak inflection of 
the double-averaged streamwise velocity is observed at the bottom layer interface. 
Which we associate with a local instability induced by the lower elements, deriving a 
double inflected velocity profile. 

a
Turbulence Structure Laboratory, School of Mechanical Engineering, Tel Aviv University, Israel

b
Division of Environmental Research, Israel Institute for Biological Research, Israel

c Department of Physics of Complex System, Weizmann Institute, Rehovot, Israel 
1 Brunet, Boundary-Layer Meteorol 177, 315–364 (2020).
2 Raupach et al, Boundary-Layer  Meteorol  3678, 351–382 (1996).

Figure 1: (a) Side view of the experimental section of the wind tunnel, and top-view of 
the roughness elements and PIV-planes (green lines) obtained in the measurement 
region at the (b) bottom layer and (c) top layer. h=100 [mm] 
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The coupling between the turbulent airflow and young wind waves 

L. Shemer a and M. Gevaa

The skin friction estimation at the air-water interface is essential in wind wave 
modelling since it controls the momentum exchange between the airflow and water. 
Parametrization of the turbulent boundary layer in air over spatially evolving young 
wind waves is inherently complicated due to the unsteady, stochastic and moving air-
water interface characterized by a broad spectrum of wavelengths. Unlike in turbulent 
flow over solid surface, the transfer of energy and momentum from wind to water 
results in the dynamic growth of waves that generates surface roughness that increases 
with fetch. The majority of wind-wave studies focus on the wave characteristics that 
are easier to measure. In spite of apparent coupling between wind-waves and the 
turbulent airflow over them, so far there were only limited attempts to relate the 
boundary layer structure over water surface with wind-waves parameters, even under 
controlled laboratory conditions. In this study, we investigate in our wind-wave facility 
the spatially developing turbulent boundary layers over young wind waves at six steady 
mean wind velocities. Fig. 1(a) shows a snapshot of the wind-wave field at a maximum 
wind velocity of U0=6.6 m/s; the scaled vertical airflow profiles are plotted in Fig.
1(b) and compared with the logarithmic profile over a smooth surface. The fully 
automatic experimental procedure allows accumulating detailed information on both 
the turbulent airflow over wind waves and on the wind waves’ parameters1. The 
analysis takes advantage of recent studies of turbulent airflow over solid rough 
surfaces. The existence of airflow wall similarity over random, three-dimensional, 
spatially evolving young wind-wave field is demonstrated; the momentum deficit 
depends only on the local r.m.s. value of the water surface elevation. The integral 
momentum balance allows obtaining analytical relation between the skin friction and 
the local surface elevation amplitude that compares well with experiments2. 

a
School of Mechanical Engineering, Tel-Aviv University, Tel-Aviv 6997801, Israel 

1 Zavadsky & Shemer J. Geophys. Res. 117, C00J19 (2012).
2 Geva & Shemer J. Fluid. Mech. 935, A42 (2022).

Figure 1. (a) The spatial evolution of the water surface at steady wind forcing obtained at TAU’s wind-
wave facility. (b) Mean velocity profiles at various wind velocities and fetches in wall units. 
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Systematic study of the streamwise effect in 2D square bars rough 
walls turbulent boundary layer 

Jiahao Konga, Luke Bennettsb, Bagus Nugrohoc and Rey China 

Turbulent boundary layer (TBL) experiments above a smooth wall and two-dimensional 
(2D) rod-roughened walls are presented to investigate the effects of Reynolds numbers 
and streamwise spacing of the roughness elements on the flow properties. A set of 

experiments were taken for a 2D rough wall with the pitch 𝑝 to height 𝑘 ratio 𝑝/𝑘 = 8 

for friction Reynolds numbers in the range, 1800 ≤ 𝑅𝑒𝜏 ≤ 7500. The results are 

compared with existing results in the literature for 2D roughness at different 𝑅𝑒𝜏1,2,3,4,5 

in Figure 1. The outcome shows that the drag coefficient 𝐶𝑓 converges for the fully-

rough, classical k-type roughness at a fully-developed state when the Reynolds number 

𝑅𝑒𝜏 > 4000 and the relative roughness height 𝑘/𝛿99 < 0.02, where 𝛿99 is the boundary 

layer thickness. TBLs data over 2D rough walls with a wide range of 2 ≤ 𝑝/𝑘 ≤ 128 

are obtained at a moderate Reynolds number 𝑅𝑒𝜏 ≈ 3500. The behaviour of 𝐶𝑓 and the 

roughness function Δ𝑈+ show the streamwise spacing induces the maximum roughness

effect at 𝑝/𝑘 = 8. However, compared with low Reynolds number direct numerical 
simulation studies2,3, the effect becomes increasingly independent of the streamwise 
spacing at higher Reynolds numbers. In addition, a spectral analysis is performed to 
investigate the interaction between the turbulence motions of the near-wall region and 
the outer region. 
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School. Mechanical Engineering, University of Adelaide, Adelaide, South Australia 5005, Australia

b
School. Mathematical Sciences, University of Adelaide, Adelaide, South Australia 5005, Australia
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Dep. Mechanical Engineering, University of Melbourne, Melbourne, Victoria 3010, Australia

1 Lee and Sung, J. Fluid Mech. 584, 125 (2007).
2 Lee et al., J. Turbul.  13, 1 (2012).
3 Nadeem et al., Int. J. Heat and Fluid Flow.  56, 16 (2015).
4 Choi et al., Int. J. Heat and Fluid Flow.  85, 108644 (2020).
5 Efros and Krogstad., Exp. Fluids.  51, 1563 (2011).

Figure 1: Variation of drag coefficient 𝐶𝑓 against the Reynolds number 𝑅𝑒𝜏 (a) and scale 

separation ratio 𝛿99/𝑘 (b). The square signs are the present rough wall cases of 𝑝/𝑘 =8 ranging 

from 𝑅𝑒𝜏 = 1800 − 7500. The others signs are as per the legend. 
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Turbulent Grazing Flow over Acoustic Liner Roughness 

H.Shahzada, S.Hickela and D.Modestia

The nacelle of modern engines is coated with acoustic liners in order to reduce noise 
emissions. Acoustic liners are panels that act as a Helmholtz resonator, consisting of a 
honeycomb core bounded by a perforated facesheet and a backplate. An undesirable 
side effect of these surfaces is that they increase the total aircraft drag 1,2, essentially 
behaving as distributed surface roughness. 
We perform unprecedented Direct Numerical Simulation (DNS) of plane turbulent 
channel flow over an array of fully resolved acoustic liners, see Figure 1. We vary the 
viscous-scaled orifice diameter between d+=40-160 by changing the friction Reynolds
number from Reτ =500-2000. Furthermore, we change the porosity from σ=0.0357-
0.322 by increasing the number of holes per cavity. All flow cases show an increase in 
drag with respect to the smooth wall. We find that the added drag increases with both 
the surface porosity and viscous scaled orifice diameter, suggesting that the wall-
normal permeability might be a crucial parameter for characterizing this flow. Unlike 
previous studies on permeable surfaces, however, the Forchheimer coefficient is the 
relevant scale for the drag of these surfaces, instead of the Darcy coefficient. We show 
that acoustic liners can be considered as a permeable substrate and we show 
supportive evidence for the existence of a fully rough regime, which has never been 
reported before for permeable surfaces. 

Figure 1:  Instantaneous flow field from DNS of turbulent channel flow at Reτ=2000.
Vortical structures are visualised using the Q-Criterion. 

a
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2 Zhang, Q and Bodony, D.J., J. Fluid Mech. 792, 936 (2016).
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Texture-coherent/incoherent flow interaction in turbulent flows 
over rough surfaces 

Hiten Mulchandania, Ricardo Garcia-Mayorala 

The turbulent flow over rough surfaces can be decomposed into a texture-coherent 
flow and a texture-incoherent flow. Conventional triple decomposition1 yields an 
ensemble-average texture-coherent flow, but the resulting incoherent signal still exhibits 
a signature coherent with the texture. Abderrahaman-Elena et al.2 have recently argued 
that an amplitude-modulated decomposition results in a better separation of texture-
coherent and incoherent components. For small roughness sizes, k+ ≤ 10, where the
‘+’ superscript represents wall-unit scaling, the resulting texture-coherent flow does not 
alter the incoherent, background turbulence, which remains essentially smooth-wall-like 
except for a virtual origin offset.3 As the texture size increases from the hydraulically 
smooth to the transitionally rough regime, however, there is a deviation from smooth-
wall-like behaviour. We aim to understand how the texture-induced flow interacts with 
the background turbulence in this regime. To that end, we present and analyse direct 
numerical simulations (DNSs) of turbulent channels with regular arrays of cylindrical 
roughness elements of size k+ = 5, 10, 15, 20, and 40 at Reτ ≈ 190-380. Results from
the DNSs will be presented and discussed for the roughness function, mean flow 
velocity profiles, turbulence statistics, and spectral energy densities. The latter will be 
used to highlight the modulating effect of the background turbulence on the texture-
coherent flow. 

a
Dep. Engineering, University of Cambridge, Trumpington Street, Cambridge CB2 1PZ, UK 

1 Reynolds, W.C., and Hussain, A.K.M., J. Fluid Mech. 54, 263 (1974).
2 Abderrahaman-Elena, N. et al., J. Fluid Mech. 865, 1042 (2019). 
3 Ibrahim, J.I. et al., J. Fluid Mech. 915, A56 (2021). 

Figure 1: Instantaneous realizations of the fluctuating streamwise velocity from the DNSs of 
regular arrays of cylindrical roughness elements for k+ = 10, 15, and 20 at Reτ ≈ 190.
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Characterization of Turbulent Flow Over Irregular Roughness: 
Experimental Measurement vs. Numerical Simulation. 

L. von Deyna, J. Yanga, B. Frohnapfela,
J. Kriegseisa, P. Forooghib and A. Stroha

The prediction of hydrodynamic effects of surface roughness on a turbulent flow 
remains one of the most important and challenging tasks of the fluid mechanics 
community. Recent increase in available computational resources coupled with 
specific simulation techniques1 allows application of fully-resolved DNS approach for 
high-fidelity characterization of various rough surfaces including irregular ones. Often 
such simulations lack experimental validation due to the inherent challenges of both 
methods: while a detailed multiscale representation of a real rough surface is rendered 
difficult for DNS, an accurate measurement of turbulence properties is limited by the 
choice of measurement technique for an experimental characterization. In the present 
work we compare DNS results with experimental measurements for a particular rough 
surface, analyze the degree of agreement and identify the sources of possible 
discrepancies. The experiment is carried out in an open circuit blower tunnel at a fixed 
Reb=18000 with sandpaper covering upper and lower duct walls. A pressure drop 
measurement is supported by further measurement techniques allowing an in-depth 
comparison of the mean streamwise velocity and fluctuations (HWA, Fig.1a) and 
Reynolds stresses (sPIV, Fig.1b). A spectral code with IBM has been used to carry out 
a corresponding DNS of a fully-developed turbulent flow over the rough surface. The 
artificial roughness geometry utilized in simulations is generated based on the statistics 
acquired through three different surface scan techniques: contact profilometer, 
photogrammetry and white light interferometry. Depending on the scan technique the 
predicted skin friction coefficient cf shows up to 10% deviation from the 
experimentally acquired value. A significant improvement has been achieved through 
combination of the roughness statistics from contact profilometer measurement and 
photogrammetry scan reducing the deviation in cf to ~1%; good agreement for the 
mean velocity (Fig.1c) and turbulent stresses is also observed. More details on the 
comparison and challenges will be reported in the conference presentation. 
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Figure 1: Wind-tunnel with HWA probe (a), sPIV (b) and mean velocity comparison (c). 

a) b) c) 
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Assessment of outer-layer similarity in turbulent flows over 
canopies 

Zishen Chena, Ricardo García-Mayorala 

Turbulent flows sufficiently far above rough and complex surfaces are generally 
believed to be essentially undisturbed, exhibiting outer-layer similarity1. However, 
experimental and numerical studies2, 3 have reported the loss of this outer-layer 
similarity in turbulence over some highly obstructing layouts, such as porous 
substrates and canopies, when the friction velocity is evaluated at the reference height, 

y* = 0, used as origin to obtain a smooth-wall like logarithmic layer. Recent studies4, 5 
show that the scaling for wall turbulence is essentially local and is given by the local 
mean shear and turbulent production. This implies that the traditional scaling based 

on the distance to the wall, y, and the friction velocity, uτ, happens to hold because of 
the one-to-one correspondence between them and the local production and shear, but 
this correspondence does not necessarily hold for every flow. Motivated by this, we 
investigate if outer-layer similarity can be recovered for flows over highly obstructing 

canopies if the reference scale for velocity, uτ*, is decoupled from the reference for 

height, y* = 0. For this, we use a series of direct numerical simulations of canopies in 

closed and open channels with densities λf ≈ 0.01-2.04, and Reτ ≈ 550-1000, assessing 
the recovery of outer-layer similarity not just in the mean velocity profile but also in 
the fluctuating velocities and their spectra. The results are illustrated in Figure 1, 
showing the diagnostic function of the mean velocity profile for a sparse canopy. 
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1 Townsend, The Structure of Turbulent Shear Flow, Cambridge (1976)
2 Manes et al., J. Fluid Mech, 687, 141 (2011)
3 Yuki et al., Journal of Thermal Science and Technology, 16, 27 (2021)
4 Tuerke et al., J. Fluid Mech, 723, 587 (2013)
5 Lozano-Durán et al., J. Fluid Mech, 868, 698 (2019)

Figure 1: Diagnostic function for a canopy with λf ≈ 0.03 and Reτ ≈ 550. ━ scaled with uτ 

calculated at y* = 0; ━ scaled with a uτ* decoupled from the latter origin; ━ smooth-wall 

reference data at Reτ ≈ 550; the shaded region indicates the region where a logarithmic layer 
can be expected to exist for both the canopy and the smooth-wall flow. 
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The structure of turbulence in a roughened plane Couette flow
Shashi Kumar Javanappaa and Vagesh D. Narasimhamurthya 

Upon roughening one of the walls in a plane Couette flow (pCf), it was found that 
turbulence augments near the opposite wall1. The current direct numerical simulations 
further explores this interesting phenomenon by investigating the flow dynamics and 
anisotropic nature of turbulence. For roughening, transverse square ribs are placed 
only on the bottom wall with streamwise pitch separations s = 5r and 10r, where r = 
0.2h is the rib height and h is the channel half height. The present selection of s = 5r
and 10r was made to obtain configurations of d-type and k-type roughness,
respectively2. The results have been compared with those of the turbulent pCf with 
smooth walls. The spanwise vorticity fluctuation in the k-type roughness shows the 
presence of coherent Kelvin-Helmholtz-like structures behind the ribs (see figure 1). 
However, these structures are not present in the d-type roughness due to the short 
pitch separation. The visualization of enstrophy production rate reveals that regions of 
intense positive ones are observed to be topologically ‘sheet-like’, while the regions of 
negative ones are found to be ‘spotty’. Anisotropy tensors and anisotropic invariant 
maps are used to explore turbulence anisotropy at both large- and small-scales of 
motion. 

Figure 1: Spanwise vorticity ωy in an xz-plane at the mid-span location for the k-type

roughness. Here, x is the streamwise direction and z is the wall normal direction. 
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Turbulence modulated porous media flow 

S.M. Habibi Khorasania, M. Luharb, S. Bagheria

Engineered porous media can be designed to leverage turbulent flows. At the 
permeable surface of a given porous media, the surface-coherent flow is amplified in 
strength by ambient turbulent motion of similar scales. The amplified surface flow in 
turn modulates the sub-surface flow throughout the substrate, causing it to pulsate at 
the characteristic wavelengths of the porous structure. This amplitude-modulation 
effect occurs regardless of the regime of near-wall turbulence but becomes 
considerably enhanced once a transition is made from the canonical streak-cycle to a 
KH-type regime characterized by emergent spanwise-coherent rollers. The penetration 
of near-wall turbulent scales into the substrate remains overall insignificant and the 
dominant unsteady flow component inside the porous media remains that of the 
structurally coherent flow which undergoes AM modulation. The porous structure can 
be tailored in a way such that this modulation occurs at specific wavelengths and 
influences the coherency of the flow inside the porous media. 

A demonstration is provided in figure 1, where despite the near-wall turbulence 
regime being the same for both substrates shown, the surface flow pattern differs in 
terms of coherency due to the structural differences of the porous media. 

a
Dep. Engineering Mechanics, KTH, Stockholm 100 44, Sweden

b
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(a) 

(b) (d) 

(c) (e) 

Figure 1: (a) Spanwise roller of near-wall turbulence. (b) Representative element of a porous 
substrate with wider spanwise spacings than streamwise. (c) The reverse of (b) In terms of 
spacing. (d) Surface flow streamwise velocity fluctuation contours for the (b) substrate. (e) 
Surface flow streamwise velocity fluctuation contours for the (c) substrate. 
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Application of two-dimensional surface undulation in 
postponement of turbulent boundary layer separation 

P. Niegodajewa, A. Dróżdża, and W. Elsnera

It is commonly known that for a sufficiently high Reynolds number, for flow over 
a rough surface and other previously examined wall topologies, turbulent boundary 
layer separation occurs earlier, and the separation bubble is noticeably larger. Recently 
discovered amplitude modulation1 effect has ensured a better understanding of the 
momentum transport that occurs from the outer to the inner part of the boundary 
layer and its subsequent effect on skin friction. At sufficiently large Reynolds 
numbers, large-scale motion first causes an increase and then decrease in the flow 
velocity near the wall. This results in an increased net convection velocity of small 
structures in the streamwise direction, and consequently an increase in wall shear 
stress. In this work, we demonstrate that a wavy wall, with a streamwise waviness with 
a carefully selected amplitude and period (see Fig. 1a and 1b), can effectively enhance 
the amplitude modulation effect and ensure an increase in the wall shear stress, 
thereby postponing turbulent separation. The experimental results are presented in 
normalized general form using suitable flow scaling (see Fig. 1c). The research goal 
was to find values of the amplitude, period, and length of the wavy wall for which the 
highest rise in skin friction is gained at a fixed point downstream of the wavy wall. 
The most effective wavy wall geometry investigated ensured a 13% increase in skin 
friction (relative to the value at zero-pressure-gradient inlet flow) at the location where 
flow separation occurred on an unmodified surface (i.e. on a flat plate).  

This research was funded by National Science Centre of Poland under Grant No. 
2020/39/B/ST8/01449 and Polish National Agency of Academic Exchange no. 
under Grant no. PPI/APM/2019/1/00062. 

a
Dep. Thermal Machinery, DTM, al. Armii Krajowej 21, Częstochowa, Poland 

1 Mathis et al. Journal of Fluid Mechanics. 628 311 (2009).
2 Dróżdż and Elsner, Inter. J. of Heat and Fluid Flow. 63 67–74 (2017).
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Figure 1. (a) Test section geometry, (b) actual wavy-wall geometry - flow from left to right. (c) The 

wall shear stress at x = 1000 mm as a function of normalised both wave amplitude and length. 
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Supersonic turbulent flows over distributed surface roughness 

S. Sathyanarayanaa, D. Modestib, F. Salvadorec and M. Bernardinia

We perform Direct Numerical Simulations of supersonic turbulent channel flow over 
distributed surface roughness to study and quantify the effect of compressibility on 
added drag and heat transfer. Distributed cubic surface roughness with a constant 
roughness height to channel width ratio (k/h) value of 0.08 is used. Friction Reynolds 

numbers (Reτ) of 500, 1000 which spans the roughness Reynolds number ( k+)
between the transitionally and fully rough regimes is considered. We further vary the 

bulk Mach number (Mb) to values of 0.3, 2.0, 4.0 to study the compressibility effects. 
Figure 1 (a) shows the effect of roughness on the streamwise velocity of the channel. 

We show that the outer layer similarity hypothesis is valid for the mean velocity and 
Reynolds stresses, which allows us to use the Hama roughness function to quantify the 
added drag. This when studied by applying different compressibility transformations 
show that most of them account for compressibility. Figure 1 (b) shows the Volpiani 
compressibility transformed mean velocity profile with the effect of added drag seen 
through the downward shift of the mean velocity for the rough wall cases. However, 
thermal statistics show a lack of outer layer similarity, which can be traced back to the 
nonlinear temperature-velocity relations, typical of compressible flows. 

a
Dep. of Mechanical and Aerospace Engineering, Sapienza University of Rome, Rome, Italy

b
Faculty of Aerospace Engineering, Delft University of Technology, HS Delft, The Netherlands 

c
HPC Dep., Cineca – Rome Office, Rome, Italy 

Figure 1: (a) Instantaneous streamwise velocity plot at Reτ= 1000 and Mb= 4.0 taken at wall 

parallel plane of y+=100. (b) Compressibility transformed mean velocity plots for rough
(smooth lines) and smooth (dashed lines) wall cases at different flow configurations. 
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Direct numerical simulations of turbulent flows over 
porous/rough walls 

Z. Haoa, G. Gómez-de-Seguraa, and R. García-Mayorala

Real-world porous surfaces have finite grain size, which necessarily implies that the 
interface with the overlying flow is textured/rough. Compared to a surface that is only 
rough, a porous one has the additional effect of interstitial transpiration into the 
substrate core. The present work aims to understand to what extent the effect of such 
surfaces is caused by the superficial roughness, by transpiration, and by their interplay.  
To this end, we conduct direct simulations that fully resolve the porous/rough 
texture. We focus on substrates made of staggered solid cubes and the corresponding 
impermeable rough surfaces, which only include the top rows of cubes. We also 
conduct a series of simulations with equivalent, homogenized interface conditions to 
exclude the roughness effect and isolate the transpiration one. We consider a range of 
inclusion sizes and spacings, as well as substrate depths, and analyse the effect on drag 
and on turbulent statistics and spectra of permeability, surface roughness, and 
substrate depth. Preliminary results suggest that, at least for porous walls with 
relatively small surface gaps, permeability dominates over roughness to determine the 
increase in drag. 

a
Dep. Engineering, University of Cambridge, Cambridge, UK 

Figure 1: Roughness function induced by porous surfaces and their roughness-only counterparts, as a 
function of the permeability lengthscale. 
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Turbulence over textured surfaces from texture-less simulations 
and the breakdown of homogenised models 

Wenxiong Xiea, Ricardo García-Mayorala 

We study the effect of surface texture on the overlying turbulent flow. For very small 
textures, turbulence remains smooth-wall-like, and the only effect is an apparent origin 
offset for different flow components.1 In this regime, the texture can be replaced by 
equivalent, homogeneous boundary conditions and the change in drag predicted a 
priori. Unfortunately, this regime breaks down once the texture size becomes
comparable to the smallest lengthscale in the overlying flow, typically 15 wall units, so 
its practical relevance is limited. Beyond, drag predictions often resort to correlations 
for known textures, overlooking that 'roughness' is a hydrodynamic property, so it is 
not difficult to find examples of surfaces for which existing correlations do not work. 
Instead, we focus on understanding the mechanisms through which the dynamics of 
the overlying turbulence are modified by the texture. As a first step, we focus on 
slip/no-slip textures, a popular model for superhydrophobic surfaces. The 
corresponding homogeneous boundary conditions can then be shown to hold for 
sizes much larger than 15 wall units.2 For larger sizes, however, the texture-coherent 
flow3 interacts directly with the background turbulence and modifies its governing 
equations, which are no longer Navier-Stokes'. We show that simulations with 
homogeneous boundary conditions and modified governing equations show excellent 
agreement with texture-resolved ones not only in drag (Fig. 1) and mean flow, but also 
in rms fluctuations and their spectra. 

a
Dep. Engineering, University of Cambridge, Trumpington Street, Cambridge CB2 1PZ, UK 

1 Ibrahim, J.I. et al., J. Fluid Mech. 915, A56 (2021). 
2 Fairhall, C.T. et al., J. Fluid Mech. 861, 88 (2019). 
3 Abderrahaman-Elena, N. et al., J. Fluid Mech. 865, 1042 (2019). 

Figure 1: Drag-reducing ‘roughness function’ ∆U+ as a function of the texture spacing L+. 
Solid lines are for collocated no-slip elements, and dashed lines for staggered ones. Black 
circles, fully resolved texture; blue diamonds, homogeneous slip; red triangles, homogeneous 
slip with altered governing equations. 
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Three-dimensional flow around and through a porous screen 

O. C. Marchanda, S. Ramananarivoa, C. Duprata and C. Josseranda

The flow around and through porous structures has many engineering 
applications, including the control of the velocity distribution and the direction of the 
flow, the improvement of the water collection of fog harvesters in arid regions that 
requires a quantitative description of the flow in the vicinity of the net. It may also 
give a first step to study the respiratory flow in the presence of a facemask to reduce 
the propagation of airborne viruses (e.g. SARS-CoV-2). 

In this talk, we investigate the three-dimensional free flow around and through a 
screen for various solidities at high Reynolds number Re = O(104). We present a 
theoretical model based on three-dimension potential flow theory and distribution of 
sources to calculate the velocities and pressures in the vicinity of a porous screen of 
any shape. The model is a three-dimensional extension of the Koo and James model1, 
and includes the conservation correction recently brought by Steiros and Hultmark2.  

We apply the model for a planar screen and measure experimentally the 
aerodynamic drag coefficient for a porous square screen immersed in a laminar air 
flow. A comparison is made also with data from other authors on the different flow 
characteristics in the vicinity of the screen. We are able to predict the drag coefficient 
for any porosity and for various three-dimensional geometries, generalising the 
previous models. Our experimental results exhibit a good agreement with the 
prediction of the more recent two-dimensional drag model2 for low solidities. 
However, we show experimentally that at high solidities the drag coefficient deviates 
from the predictions of previous models because of 3D effects and the shape of the 
screen that our three-dimensional model extension is able to recover. 

We will finally discuss applications of this model to various situations. 

a
Laboratoire d’Hydrodynamique de l’École Polytechnique, LadHyX, Boulevard des Maréchaux, 

Palaiseau, École Polytechnique, CNRS, France.
1 Koo and James, J. Fluid Mech. 60, 513 (1973).
2 Steiros and Hultmark, J. Fluid Mech. 853, R3-1 (2018).

Figure 1: (a) Diagram of the model in the (Ozx) plane for a three-dimensional flow. (b) 
Streamlines from the model for a square screen of porosity 30% in a laminar flow at 2 m.s-1. 
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Nonlinear shape oscillations of viscoelastic liquid drops 

D. Zrnića and G. Brenna

Oscillating drops are a subject of long scientific interest, for fundamental reasons and 
since they occur in many technical processes. The interest arises since in oscillatory 
deformations against the spherical state the drop surface increases and fluid motions 
are induced, thus enhancing transfer rates of mass, momentum and energy. The 
present study is motivated by the importance of viscoelastic drops for bio- and 
chemical engineering processes, e.g. in spray drying for polymer powder production. 
These applications may have benefit from the insights of this study. 
Rayleigh1 and Lamb2 first analysed linear shape oscillations of drops, treating the drop 
liquid as inviscid and viscous, respectively. Their analytical work described the 
interfacial motion in time and deduced the angular frequency. Their work initiated 
extensive studies on oscillating inviscid and viscous drops3. The existing literature 
shows that linear shape oscillations of inviscid and viscous liquid drops are reasonably 
well understood. At large deformations, however, oscillating drops exhibit the 
nonlinear effects of a decrease of the oscillation frequency with increasing 
deformation amplitude and an asymmetry of times between the elongated state and its 
opposite. Another nonlinear phenomenon is the quasi-periodicity of the motion, 
which is one of the consequences of mode coupling3. Furthermore, mode coupling 
can make drops with a high initial deformation mode oscillate at Ohnesorge numbers 
where the linear theory would predict an aperiodic motion.  
Nonlinear solutions for drop shape oscillations of viscoelastic liquid drops are still 
sparse in the literature. This is due to the nonlinearity of the governing equations and 
boundary conditions describing the large amplitude regime, which is more 
complicated with a viscoelastic material model than for the Newtonian case. Driven 
by our previous work3, we developed a weakly nonlinear analysis for viscoelastic 
drops. The Oldroyd-B model is employed to characterise the liquid material 
behaviour. In a linear approximation, the drop liquid velocity, pressure and surface 
shape are obtained. The characteristic equation for the viscoelastic drop yields an 
infinite number of complex angular frequencies. We identify the correct one by 
validation against experiments with acoustically levitated individual drops4. The study, 
extended to the second-order approximation, will present the mechanical energy in 
time as well as time asymmetry between prolate and oblate states, and quantify the 
nonlinear effects in comparison between Newtonian and non-Newtonian liquids. 
Special attention will be paid to the influence of the Deborah number of the drop. 

a
Institute of Fluid Mechanics and Heat Transfer, Graz University of Technology, 8010 Graz, Austria 

1 Rayleigh, J. W. S., Proc. R. Soc. Lond. 29, 71 (1879).
2 Lamb, H., Proc. London Math Soc. 13, 51 (1881).
3 Zrnić, D. and G. Brenn, J. Fluid Mech. 323, A9 (2021).
4 Yarin, A. L. et al., J. Fluid Mech. 399, 151 (1999).
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Role of elasticity in coalescence of polymeric droplets 

Sarath Chandra Varma Va, Aloke Kumara 

Coalescence is a common phenomenon observed in nature during the formation 
of raindrops from clouds or condensation of dew droplets on a surface. This process 
is characterized by the formation of a bridge and its subsequent growth at the point of 
contact of the two droplets. In this work, we have shown the effect of elasticity on 
coalescence of two polymeric droplets in pendant-sessile and sessile-sessile 
configurations. In the pendant-sessile configuration, the presence of an inherent fluid 

relaxation time scale (  leads to a deviation in neck radius   evolution from 
Newtonian fluids. Balancing the pertinent forces leads to a universal scaling of 

for the neck radius growth. We substantiate our 

results by a simple mathematical model using the linear Phan-Thein-Tanner (PTT) 
constitutive equation.  

In the coalescence of two sessile drops, the bridge evolution is more complicated 
due to the shear stress induced by the substrate. Our experimental observations reveal 
that the sessile drops coalescence has two regimes: inertial regime and viscoelastic 

regime. In both the regimes, the bridge height evolution  with time  follows a 

power-law behaviour . The presence of elasticity in the fluid and stretching of 

the polymer chains leads to a continuous decrease of  from 2/3 in the inertial regime 
to 1/2 in the viscoelastic regime. We further propose a modified thin-film equation 
under lubrication approximation by incorporating the linear PTT model in the 
governing equations to theoretically capture the bridge dynamics in the viscoelastic 
regime. Finally, a second order accurate finite difference scheme is applied to obtain 
the solution to the modified thin film equation. Agreement between the theoretical 
and experimental results validate the applicability of the modified thin-film equation in 
the viscoelastic regime.  

a
Department of Mechanical Engineering, Indian Institute of Science, Bangalore, Karnataka, India-

560012
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Revisiting the bubble rise problem in viscoelastic solutions 

P. Moschopoulosa, Y. Dimakopoulosa, J. Tsamopoulosa

The peculiar dynamics of rising bubbles in viscoelastic solutions has stirred a lot of 

interest in the scientific community. The three main phenomena that have been 

identified over the ongoing 60 years of research are: (a) the velocity jump 

discontinuity1,2, (b) the negative wake structure3, and (c) the knife-edge bubble shape3. 

Recent numerical simulations4 captured accurately the first two effects. However, the 

notorious knife edge shape presented for the first time by Hassager3 has not been 

reproduced. To this end, we undertake a novel computational study to examine the 

buoyancy-driven rise of a bubble in a viscoelastic solution. The exponential Phan-Thien 

and Tanner constitutive equation5 is used to model the rheological behavior of the 

material. The governing momentum and mass balance equations are solved numerically 

using the newly developed finite element method for free surfaces by Varchanis et al.6, 

namely PEGAFEM-V. The novel aspect of our work is that we solve the complete 

three-dimensional problem assuming only a plane of symmetry. Also, we impose the 

center-of-bubble volume to remain at the origin of the coordinate system, and we use 

an elliptic grid generation scheme to track the bubble-fluid interface. We validate initially 

our method by reproducing the velocity jump discontinuity reported by Pilz and Brenn2. 

We perform a parametric study varying the rheological properties of the material, for 

example, the relaxation time, and the size of the rising bubble. Based on our results, we 

try to elucidate the effect of elasticity in the breaking of the axial symmetry, and the 

physical mechanism that leads to the so-called knife-edge shape. 

a Dep. Chemical Engineering, University of Patras, Caratheodory 1, University Campus, Patras, Greece 
1 Astarita and Apuzzo, A.I.Ch.E. 11, 815 (1965)
2 Pilz and Brenn, J. Non-Newtonian Fluid Mech. 145, 215 (2007)
3 Hassager, Nature, 279, 402 (1979)
4 Fraggedakis et al., J. Fluid Mech. 789, 310 (2016).
5 Phan-Thien, J. Rheol. 22, 259 (1978)
6 Varchanis et al. J. Non-Newtonian Fluid Mech., 284, 104365 (2020)
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Fine experimental description of free viscoelastic jets 

Louise Cottiera, Marie-Charlotte Renoulta and Christophe Dumouchela 

Free cylindrical liquid jets are subject to capillary instability that manifests by the 
appearance and growth of a rather sinusoidal perturbation until breakup occurs. 
Whereas this mechanism is quite well understood for Newtonian fluids, this is not the 
case for viscoelastic ones such as high molecular weight polymer solutions. Several 
experimental investigations of the literature evidence a great increase of the breakup 
length for viscoelastic jets. Another known difference is the deformation of the 
viscoelastic jets as a bead-on-a-string (BOAS) pattern after the inertial regime where the 
jet deformation is sinusoidal. The BOAS pattern is composed of quasi-spherical drops 
connected by quasi-cylindrical ligaments. During time, the cylindrical ligaments thin 
because of surface tension effect. The dynamic of this thinning is controlled by 
viscoelastic forces coming from the uncoiling process of the polymer macromolecules 
that are subject to a high deformation rate imposed by the extensional flow in the 
ligament. This ligament flow regime is referred to as the elasto-capillary regime. 

Furthermore, the injection of a viscoelastic polymer solution may be accompanied 
by a mechanical degradation of the polymers it contains, i.e., a rupture of the 
macromolecules. This mechanism depends on the rate of deformation undergone by 
the solution when it penetrates the discharge orifice of the injector. It thus depends on 
the imposed flow rate. The degradation of polymers leads to a modification of the 
viscoelastic properties of the solution and, consequently, to a different response of the 
jet according to its speed.  

We can see that the capillary instability of a viscoelastic jet involves specific 
mechanisms that must be considered in the analysis of the observations. The 
experimental work presented in this contribution has this objective. Jets of different 
polymer properties and velocities are produced and analysed with specific tools such as 
the Proper Orthogonal Decomposition and the multi-scale description. The jet regimes 
are identified (neutral regime, inertial regime, elasto-capillary regime, visco-capillary 
regime) and their main characteristics are determined. Among other results, elements 
regarding the influence of the mechanical degradation of polymers on the behaviour of 
the jets are highlighted. 

Elasto-capillary regime of a visco-elastic solution jet 
(Injector diameter: 200 µm, Jet velocity: 4.15 m/s) 

a
CNRS – CORIA – UMR 6614 – Normandie Univ., UNIROUEN, INSA Rouen, 76000 ROUEN, 

FRANCE 
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Flow focusing of weakly-viscoelastic jets 

J. M. Montaneroa, A. Rubioa, M. Rubioa, M. G. Cabezasa, E. J. Vegaa

We find and study the viscoelastic transition in transonic flow focusing when 
polymers of low molecular weights are dissolved in water at the appropriate 
concentration. This phenomenon is explained in terms of the coil-stretch transition of 
the polymers crossing the tapering meniscus, where the airstream produces very large 
strain rates. The resulting elastic stress stabilizes the flow, reducing the minimum 
liquid flow rate leading to jetting. We present a scaling analysis to show the role played 
by the polymer relaxation time and extensional viscosity in the viscoelastic transition 
(Fig. 1-left). 

We also study the stability of the micrometer weakly-viscoelastic jets produced with 
flow focusing (Fig. 1-right). Highly stable jets are formed when the above-mentioned 
viscoelastic transition takes place. The capillary instability is delayed, and the jet 
breakup occurs at distances from the ejector of the order of tens of thousands the jet 
diameter. The results indicate that the intense converging extensional flow in the 
ejection point builds up viscoelastic stress that does not relax in the jet even for times 
much longer than the polymer relaxation time. We hypothesize that the drag (shear) 
force exerted by the outer gas stream prevents the stress relaxation. It is also possible 
that partial polymer entanglement at the jet emission point contributes to this effect. 
We measure the jet length and the diameter at the ejector orifice and breakup point. 
The diameter takes values just above 2 microns at the breakup point regardless of the 
liquid flow rate and gas pressure. 

Fig 1. (Left) Reynolds/capillary number versus the Weissenberg number. (Right) 
Newtonian (a) and weakly-viscoelastic (b) flow focusing 

a
Depto. de Ingeniería Mecánica, Energética, Universidad de Extremadura, Badajoz, Spain
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Microtomographic PIV measurements of viscoelastic instabilities 
in a 3D microcontraction 

D.W. Carlsona, A.Q. Shena, and S.J. Hawarda

Viscoelastic flow through an abrupt planar contraction geometry above a certain 
Weissenberg number (Wi) is well known to become unstable upstream of the
contraction plane via a central jet separating from the walls and forming vortices in the 
salient corners. Here, for the first time we consider three-dimensional (3D) viscoelastic 
contraction flows in a microfabricated glass square-square contraction geometry. We 
employ state-of-the-art microtomographic particle image velocimetry to produce time-
resolved and volumetric quantification of the 3D viscoelastic instabilities arising in a 
dilute polymer solution driven through the geometry over a wide range of Wi but at
negligible Reynolds number. Based on our observations, we describe new insights into 
the growth, propagation, and transient dynamics of an elastic vortex formed upstream 
of the 3D micro-contraction due to flow jetting towards the contraction. At low Wi we
observe vortex growth for increasing Wi, followed by a previously unreported vortex
growth plateau region. In the plateau region, the vortex circulates around the jet with a 
period that decreases with Wi but an amplitude that is independent of Wi. In addition,
we report new out-of-plane asymmetric jetting behaviour with a phase-wise dependence 
on Wi. Finally, we resolve the rate-of-strain tensor D and ascribe local gradients in D 
as the underlying driver of circulation via strain-hardening of the fluid in the wake of 

the jet (figure 1, with flow along 𝑥∗ and the mouth of the contraction at  𝑥∗ = 0).

a
Micro/Bio/Nanofluidics unit, OIST, 1919-1 Tancha, Okinawa, Japan 

Figure 1: (a-d) Phase-averaged isosurfaces of 0.5〈γ̇〉 and 0.5〈U∗〉 for Wi = 87, with

the contraction at  𝑥∗ = 0 . (e) The 𝑥∗projection of the 〈γ̇〉 surfaces from (a-d),

coloured by their normalized phase time 𝜑∗. For advancing time 𝜑∗, the inner jet
displaces towards decreasing rate-of-strain. 
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Interfacial Instabilities during Displacement in Microchannels with Boger Fluids 

Seng Hoe (Billy) Huea, Loïc Chagota, and Panagiota Angelia

In everyday chemical processes, displacement is a crucial phenomenon. Many fundamental but 

critical applications such as administration of drugs, apparatus cleaning and oil recovery involve the 

displacement of a liquid by another immiscible liquid. If the displacing liquid is less viscous than the initial 

one, the displacement is always inefficient, with a layer of the initial fluid remain on the wall while the 

displacing phase flows in the core of the channel. After the initial displacement front, the interface between 

the two phases becomes unstable due to the viscosity jump at the interface. Often in applications, the liquids 

are not Newtonian but instead exhibit viscoelastic properties. 

In our research, we study the instabilities developing during the displacement of a Newtonian liquid 

by a viscoelastic one. To do so, a pure viscoelastic fluid with no shear-thinning properties (known as Boger 

fluid) made up of polyethylene oxide (PEO) and polyethylene glycol (PEG) is used to displace an immiscible 

organic liquid (silicone oil) inside a circular microchannel of 200 µm. High speed imaging is used to track 

the interface deformation during the displacement. 

We have found that the interfacial instabilities that developed behind the displacement front had 

different wavy patterns (fig. 1), which switches freely from one shape to another throughout the 

displacement flow. These instabilities, well-known for Newtonian fluids, are still poorly investigated for 

Boger fluids. We were able to identify different modes of instability, including the shifting of the core fluid 

to minimise drag force, as well as a periodic instability. Using Fourier and Wavelet analysis, it was possible 

to identify the frequencies that comprise the instability. Often, bands of different frequencies were 

observed, as the instabilities result from the superposition of multiple smaller instability waves. When the 

flowrate of the displacing phase is increased, the frequency of the instability increases, albeit at lower 

amplitudes due to the higher inertial force. Additionally, we have also observed an increase in the number 

of frequency bands in the wavelet maps at the high displacing flowrate cases, with the shapes of the 

interfacial instability becoming more chaotic (fig. 2). 

Figure 1: Different instability pattern observed after displacement front. 

Figure 2: Wavelet analysis for increasing displacing flowrate shows increasing number of frequency bands. 

100



Lateral migration of a bubble in a viscoelastic pressure-driven 
channel flow 

Metin Muradoglua, Daulet Isbasaarovb, Hafiz Usman Naseera 

Lateral migration of bubbles in a pressure-driven channel has a wide range of 
applications and controlling this migration is of special interest to many industrial 
processes. An interface-resolved/front-tracking method is used to simulate lateral 
migration of a deformable air bubble in viscoelastic medium. Two viscoelastic models, 
FENE-P and EPTT are coupled with the flow solver to capture the dynamics of this 
complex flow field. These models provided a good comparison for shear thinning effect 
on the lateral migration of bubbles along with viscoelasticity. In contrast to available 
literature, simulations have been performed in the range of comparatively higher 

Reynolds numbers (100  1000) to find the critical limit for a bubble to move towards 
or away from the channel wall. It is observed that beyond a certain value of Weissenberg 
number, the channel becomes saturated and further increase in viscoelasticity does not 
affect the direction of bubble migration. The direction of bubble migration is found to 
depend on Reynolds number, Weissenberg number, initial distance of the bubble from 
channel wall, shear thinning property of the fluid, bubble deformability and gravity. 
Extensive simulations are performed to study the effects of each of these factors to find 
the critical range where the bubble changes its direction by moving towards or away 
from the wall. This study can provide a baseline for controlling the migration of a 
deformable bubble in a channel flow. 

a
Dep. Mechanical Engineering, Koc University, Istanbul, Turkey.

b
Dep. Mechanical Engineering, Aalto University, FI-00076 Aalto, Finland. 

1 D’Avino et al. Annu. Rev. Fluid Mech. 49:341-60 (2017).
2 Seo et al., Physics of Fluids. 26, 063301 (2014).

(a) (b)    (c)            (d) 

Figure 1: (a) Schematic diagram of computational domain and initial position of bubble 
in a pressure-driven fully developed laminar channel flow. (b) Snapshots showing 
migration of a 3D bubble from its initial position towards the centre of channel in a 
viscoelastic medium (Wi = 10, Ca = 0.01). (c) Evolution of bubble distance from the 
wall of channel for different initial positions. (d) Evolution of bubble distance from the 
wall of channel for different values of Reynolds number. 
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Dynamics and interactions of parallel bubbles rising in a 
viscoelastic fluid 

Hafiz Usman Naseera, Daulet Isbasaarovb, Metin Muradoglua 

Interface-resolved numerical simulations of two 3D bubbles rising in an otherwise 
quiescent viscoelastic fluid under buoyancy have been performed for a wide range of 
parameters. The front-tracking method combined with the FENE-P viscoelastic 
model is used in these simulations. Dynamics and interactions of two parallel bubbles 
are analysed and some of the new features of this complex flow field are reported for 
the first time. Volumes of the bubbles are kept in such a range that both bubbles 
produce negative wakes, i.e., in contrast with a Newtonian case, the direction of flow 
is reversed in the wake region behind the bubbles rising in a viscoelastic fluid, as 
shown in Fig. 1a. A long tail is created behind the bubbles mainly by the viscoelastic 
stresses. The negative wakes strongly interact and modify the stress distribution on the 
bubble surfaces (Fig. 1b). The components of the resulting forces have been 
quantified in three dimensions and plotted as a function of time for a wide range of 
flow conditions. A sample result is depicted in Fig. 1c. As seen, the viscoelastic force 
oscillates and never reaches a steady state in this flow regime. The corresponding 
effect on bubble shapes, terminal velocities, direction of flow around the bubbles and 
the evolution of mutual distance between their centres have been described in detail.  

a
Dep. Mechanical Engineering, Koc University, Istanbul, Turkey.

b
Dep. Mechanical Engineering, Aalto University, FI-00076 Aalto, Finland. 

1 Legendre and Mougin., J. Fluid Mech. 497, 133 (2003).
2 Bothe et al., J. Non-Newtonian Fluid Mech. 104748 (2022).
3 Tryggvason, Multiphase Flows, Cambridge (2011). 

      (a)                                        (b)                                             (c) 
Figure 1: (a) Constant contours of vertical velocity component in a vertical cutting plane at 

the centre of domain showing the negative wake regions produced by two parallel bubbles 
rising due to buoyancy in a viscoelastic medium. (b) Velocity vectors showing reversed flow in 
the combined region of negative wake. The contours indicate the elongation of polymer 
molecules quantified by the trace of conformation tensor (Eo=100, Wi=10, Ga=1.95). (c) 
Evolution of forces acting on the surface of a 3D bubble as it rises in a viscoelastic medium 
under buoyancy (Eo=100, Wi=5, Ga=3.91). 
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Steady viscoelastic instability around a planar stagnation point 

S. Varchanisa, A. Yokokojia,b, S. J. Hawarda, T. Inoueb, and A. Q. Shena

We combine numerical simulations and microfluidic experiments to study the origin 
of the steady viscoelastic instability around a planar stagnation point. Our starting points 
are the purely elastic instabilities observed in the cross-slot extensional rheometer 
(CSER)1-2 and in the flow past a microfluidic cylinder in a straight channel (MCD)3-4. In 
both geometries, the flow is steady and symmetric at low flow rates.  However, above a 
critical flow rate, the flow bifurcates to one of the two stable and steady asymmetric 
states. In these asymmetric states, more fluid prefers to pass from one side of the 
stagnation point (or the cylinder) over the other side. This flow asymmetry intensifies 
with increasing flow rate. Ultimately, at sufficiently high flow rates, the flow becomes 
symmetric again in both geometries. We show that the asymmetric states in the CSER 
and in the MCD are the same physical phenomenon, which is directly related to the 
rheological properties of the fluid (degree of shear-thinning and strain-hardening). 
Moreover, we demonstrate numerically that this instability can be observed around any 
planar stagnation point, if certain geometrical and rheological conditions are met. 
Finally, we perform a wide parametric analysis, to identify the critical Weissenberg 
numbers for the onset of flow asymmetry and flow re-symmetrisation. 

a Micro/Bio/Nanofluidics Unit, Okinawa Institute of Science and Technology, Onna, 
Okinawa 904-0495, Japan 
b Department of Macromolecular Science, Graduate School of Science, Osaka 
University, 1-1 Machikaneyama-cho, Toyonaka, Osaka 560-0043, Japan 
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Axisymmetric numerical simulations of low-speed viscoelastic jets 

K. Zinelisa,b, Thomas Abadiea, Gareth H. McKinelyb , and Omar K.
Matara 

We study the breakup of a jet of a polymeric solution issuing from a nozzle via 
numerical simulations. This work is of relevance to low-speed atomisation processes 
which are central to numerous industrial applications, such as spray-drying, 
atomisation of fertilizers and paint applications, involving large interfacial 
deformations and complex spatio-temporal dynamics. In particular, we develop 
axisymmetric simulations of an impulsively-started viscoelastic jet exiting a nozzle and 
entering a stagnant gas phase using the open-source code Basilisk1. This code 
facilitates efficient computations through an adaptively-refined Eulerian grid, a 
volume-of-fluid technique to capture the interface, and the log-conformation 
transformation, which provides a stable and accurate solution of the constitutive 
equation for a viscoelastic fluid2. We simulate the entire jetting and breakup process of 
a viscoelastic fluid, including the flow through the nozzle, which results in an 
inhomogeneous initial radial stress distribution that affects the subsequent breakup 
dynamics. Our study demonstrates that the flow is accompanied by the development 
of unique flow structures often termed “beads-on-a-string” that result from capillary 
action that drives the stretching of the dissolved polymeric chains, for which there is 
no analogue in simple fluids3. First, we validate the numerical simulations against the 
predictions of linear stability analysis, and, thereafter, we examine systemically the 
dependence of the rate of filament thinning on the initial flow rate, the fluid relaxation 
time, as well as the finite extensibility of the dissolved polymer. Finally, we 
demonstrate the capacity of Basilisk in resolving the resulting elasto-capillary regime 
of the thinning and breakup process, using mesh adaptivity, as we change the finite-
extensibility limit of the polymeric chains. 
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Drag reduction in turbulent pipe flows of realistic 
polymer solutions 

F. Serafinia, F. Battistaa, P. Gualtieria, C. M. Casciolaa

Toms’ effect, namely the drag-reducing capability of polymers in turbulence, is debated 

since its discovery in the 40s1. Viscoelastic models (e.g FENE-P, finitely extensible non-

linear elastic model with Peterlin's approximation) achieve drag reduction in numerical 
simulations of prototypal flows. These models require unrealistically large concentra-
tions to reproduce drag reduction, well beyond the model limit of validity. Moreover, 
many laboratory-scale experiments are performed at Weissenberg numbers unreachable 
by the viscoelastic models.  
In the present talk, Direct Numerical Simulations data of DNA macromolecules, mod-
elled as FENE dumbbells, fully coupled to the Newtonian fluid are discussed. A hybrid 
Eulerian-Lagrangian approach is used to evolve each single dumbbell. The momentum 
coupling between the two phases is accounted for by the exact regularized point particle 
(ERPP) method2. 
The right panel of the figure shows an instantaneous cross-section of axial velocity and 
polymer configuration, at 𝑊𝑖 = 10600. The left panel of the figure shows that drag 
reduction increases up to 27% with the Weissenberg number, saturating at 𝑊𝑖 ≃ 104. 
The oral presentation will provide methodological details and a physical explanation of 
the drag reduction mechanism.  

a
Department of Mechanical and Aerospace Engineering, Sapienza University of Rome

¹ Virk, AIChE Journal 21, (625, 1975).
2 Battista et al, Journal of Fluid Mechanics 878, (420, 2019). 

Figure: Drag Reduction DR vs Weissenberg number 𝑊𝑖, mean velocity profiles at different

Weissenberg numbers (inset): left panel. Instantaneous axial velocity (coloured contour), instan-
taneous polymer configuration (black lines) on a pipe cross-section: right panel. 
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Bubble coalescence in viscoelastic liquids 

A. T. Oratisa and Jacco Snoeijera 

The coalescence of bubbles is vital to various industrial and environmental settings, 
ranging from polymer foams to volcanology. When two bubbles are slowly brought in 
contact, the intermediate liquid film separating the two bubbles begins to drain and 
thin. As the film thickness decreases, it will eventually rupture and retract, leading to 
the coalescence of the two bubbles. This merging singularity is well understood in the 
context of pure Newtonian liquids. For low viscosity liquids, such as water, the 
interplay between the driving surface tension force near the tip and the resisting inertia 
of the film, leads to a power-law describing the coalescence neck radius r0 as a 
function of time (Fig. 1a). However, it still remains unknown how the singularity 
characteristics get affected when the two bubbles coalesce in a viscoelastic liquid. 
Here, we study the early-time dynamics of the coalescence between two bubbles in 
polymeric liquids. We try to understand how the violent stretching of high-molecular 
weight polymers leads to the formation of a cusp at the tip during coalescence (Fig 
1b). The results of this work contribute to the emerging interest in viscoelastic 
singularities, and complement the recent progress on viscoelastic drop coalescence. 

Figure 1: Early time coalescence dynamics between two bubbles. (a) When two bubble 
coalesce in water, the neck radius r0 increases with milliseconds and the film shape adopts a 
rounded shape near the tip. (b) In contrast, when two bubbles coalesce in a high-molecular 
weight polymeric liquid, the film tip adopts a sharper shape, reminiscent of a cusp. 
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Multistability of elasto-inertal two-dimensional channel flow 

M. Beneiteza, J. Pageb, Y. Dubiefc and R. R. Kerswella

Elasto-inertial turbulence (EIT) is a recently discovered, chaotic flow state observed in 
dilute polymer solutions. The origin of EIT has been suggested to be linked to a centre-
mode instability1, which gives rise to an arrowhead-shaped travelling wave. Additionally, 
various regimes, ranging from the mentioned travelling wave to elasto-inertial chaos 
have been reported in two-dimensional direct numerical simulations (DNS) of FENE-
P fluid². This talk will show that the several regimes identified: the laminar state, a 
travelling wave arrowhead, a chaotic arrowhead and EIT do not succeed each other but 
coexist in parameter space. These regimes form a multistable system with up to four 
different basins of attraction.   

We will show using spectral DNS how the various regimes are affected by modifying 
the governing parameters in the polymer equations, i.e. the Weissenberg number, the 
ratio between the solvent viscosity to the viscosity of the solution β, and the maximum 
extensibility of the polymer chains, while maintaining a constant Reynolds number. Our 
DNS simulations allow for a systematic exploration of the state space, and we will report 
on the dynamic connections between the underlying attractors in the system. Finally, 
we will provide information about where the different states can be expected in 
parameter space, providing a guide for relevant engineering applications.  

Figure 1: Trace of the conformation tensor for the coexisting states identified at the 
same set of parameters in two-dimensional channel flow. Flow from left to right 
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Secondary instabilities in Taylor-Couette flow of shear-thinning fluids 

S. Topayeva, C. Nouara and J. Dusekb

The stability of Taylor Vortex flow in shear-thinning fluids is investigated both experimentally and 
numerically.  The inner cylinder is rotating and the outer one is at rest. The novelty of the present work is 

to consider a wide gap configuration with a radius ratio = 0.4 such that the onset of wavy vortex flow  
regime would be delayed1 and the axisymmetric instabilities could develop. From experimental point of 
view, the experimental configuration has an aspect ratio of 32. Flow visualization and PIV measurements 
are performed in aqueous xanthan gum solutions. From numerical point of view, the governing equations 
are solved numerically in axisymmetric situation using the finite element solver FreeFem++.  The fluid is 
assumed purely viscous and the shear-thinning behavior is described by the Carreau model.  The critical 
Reynolds and wave numbers obtained numerically and experimentally are in good agreement with the linear 
theory. They are not affected by the viscoselasticity of the fluids used.  The numerical and experimental 
results show that unlike the case of a Newtonian fluid, where the TVF regime bifurcates to a wavy vortex 
flow at very large Reynolds number, for shear-thinning fluids, the secondary instability conserves 
axisymmetry. The latter is characterized by repetitive sequences of formation and merging of vortices as it 
is illustrated by the figure 1(a) where contours of vorticity are represented. A possible mechanism of the 
process of creation and merging of vortices is proposed. It is based on generalized Eckhaus instability of 
the TVF regime2,3.  It is also worthy to note that the range of Reynolds numbers where the TVF regime is 
stable shrinks with increasing shear-thinning effects (figure 1b). 
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Figure 1 (left frame) Secondary instability for a Carreau fluid. Distribution of azimuthal vorticity as a function of time. 
(right frame) Stability diagram of the TVF regime for a Carreau fluid as a function of shear-thinning index. Filled circles 
are the experimental results and filled triangles and diamonds are numerical results.  
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Pressure-driven flow of shear-thinning fluids in channels with 
longitudinal superhydrophobic surfaces 

Prasun K. Raya, Damien Bouviera, and Demetrios T. Papageorgioua 

Superhydrophobic surfaces have been found to substantially improve the efficiency of 
small-scale channel flows and provide a pathway for improving the performance of a 
broad range of microfluidic devices. These surfaces are formed by replacing portions 
of channel walls with gas-filled cavities. Since the drag exerted on the liquid by the gas 
tends to be much less than that exerted by a solid surface, the flow rate increases. 
Most studies of such flows have utilized Newtonian liquids, and here we consider the 
effectiveness of longitudinal cavities when non-Newtonian liquids are used. We focus 
on inelastic shear-thinning liquids and use the Carreau constitutive model. We extend
previous work by Crowdy1 on semi-infinite shear flow of weakly shear thinning liquids 
to confined pressure-driven flows. New approximate integral relations for the 
influence of weak shear thinning on the flow rate and slip length are presented. These 
theoretical results are compared to simulations of the full problem demonstrating (a) 

good quantitative agreement with theory when, , the ratio of the infinite shear rate 
and zero shear rate viscosities, is close to 1 and (b) qualitative agreement on the 

variation of the slip length with the Carreau number, , (a non-dimensionalized time 
scale) for strongly shear-thinning fluids (figure 1). These qualitative trends are 
explained by connecting flow enhancement with the local viscous dissipation. Flow 
enhancement related to high regions of shear near the triple contact point where the 
air-liquid interface attaches to the solid wall are sensitive to the Carreau number when 

it is relatively small. When  is larger, it is the shear layer near the solid wall away from 

the triple contact point which drives sensitivity to  and dictates the observed trends. 

Figure 1: (a) Computed velocity field u(y,z) (= =), flow is out of the screen; (b) change in 

slip length due to shear thinning (= for a Newtonian fluid and here, =+(− )  ). 
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The dynamics of a gel drop impact on a deep gel pool during 
cavity evolution and at later times 

G. Ioannoua, J.A. Neufelda,b,c, and S.B. Dalziela

Impact cratering is a process that occurs in nature and is used in industry. Its 
dynamics are widely studied using Newtonian fluids (e.g. water), or granular media. 
The knowledge from these studies, however, cannot be expanded to give insight into 
processes where material strength plays an important role, such as planetary impact 
cratering. Motivated by this geological process, we performed experiments using yield-
stress fluids both as impactor and as target. We create spherical drops of diameters in 
the range 1.8-2.7 cm, released from heights in the range 0.1-2.7 m, using Carbopol gel 
of four different values of the yield stress from 14 to 64 Pa. Our experimental 
parameters are in the lowest impact energy limit of planetary impacts and our drop 
size makes the effect of surface tension negligible on crater dynamics. Also, Carbopol 
is ideal for this study as its rheology is well characterised and has proven a useful 
model material for geological processes when the rock is fluidised under high 
temperature and pressure conditions. Using two high-speed cameras, we record the 
falling and the impact of the drop and the cavity evolution through a cubic transparent 
tank. By processing the recorded images, we determine the evolution of the shape and 
size of the resulting cavity. Analysing the data, we explore the role of the gravity, the 
kinetic energy, and the material properties in the process. While in high-Reynolds-
number craters with Newtonian fluids the impactor kinetic energy is almost totally 
converted into the potential energy of the maximum transient cavity, here the material 
properties change the energy balance. After the impact and before reaching the final 
state, the drop material inside the pool, the cavity, and the material of the pool, all 
oscillate for a few seconds. We use particle tracking to visualise the motion of the pool 
material and be able to determine the exchanges of energy between kinetic, 
gravitational potential and elastic energy reservoirs. 
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Bursting bubble in an elasto-viscoplastic medium 

A. G. Balasubramaniana, R. Vinuesaa and O. Tammisolaa 

Bubble bursting occurs frequently in nature and technology, and it has been studied 
extensively for many years1,2,3.  Rheological properties of the medium can have a large 
impact on this phenomenon4, but have been studied much less. In this work, we 
perform direct numerical simulations5 to study the combined effects of elasticity and 
yield stress on the bursting, and the shape of the final crater that may remain on the 
surface for yield-stress fluids4. One direct application is the formation of craters in 
mud and lava flows. Also, industrial fluids such as liquid foams, droplet emulsions, 
polymer solutions, and blood, exhibit elasto-viscoplastic (EVP) behaviour.  
Bubble bursting in different liquids is of general interest, as it plays an essential role in 
transporting pathogens from contaminated water6, and serve as a source for aerosol 
particles1,2, which are an important component of cloud formation and hence have 
implications for health and climate. When a rising bubble reaches the liquid-air 
interface, it bursts, causing the formation of capillary waves and a high-speed liquid jet 
to form, which can eventually break up into a number of droplets. These droplets play 
an important role in facilitating mass transfer across the interface7.  
A recent study4 addressed the effect of yield-stress (plasticity) alone on the jet 
formation and cavity shapes, but the effect of elasticity remained an open question. As 
many yield-stress fluids are elasto-viscoplastic, we examine jet and cavity formation as 
functions of Weissenberg (Wi) and plasto-capillarity (J) numbers. We find that 
elasticity has a non-monotonic effect on jet and crater formation, and explain this 
finding physically.  

Figure 1: Magnitude of velocity (u) and deformation tensor (D) of the bubble bursting
dynamics with respect to increasing Wissenberg number. (Left) Newtonian, (middle) EVP fluid 

at Wi = 1.0, J = 0.5 and, (right) EVP fluid at Wi = 8.0, J = 0.5. 
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Hydrodynamic Interaction of Coaxially Rising Bubbles in Elasto-
visco-plastic Materials 

A. Kordalisa, S. Androulakisa, D. Pemaa and J. Tsamopoulosa

The buoyancy-driven rise of bubbles in yield-stress materials is present in a plethora of 
industrial processes and controls the quality, efficiency or even safety of those 
processes. Until now, the rise of a single bubble in such materials has drawn the 
attention of the scientific community. However, in typical applications, multiple 
bubbles exist and interact, thus creating a different dynamic response in comparison 
to the rise of a single bubble. Therefore, a detailed understanding of the interaction 
between rising bubbles is crucial. In this study we simulate the transient, buoyancy-
driven rise of two equal-size coaxial bubbles, which are initially stationary, inside an 
elasto-visco-plastic material. We fit the Saramito/Herschel-Bulkley1 model to a 0.1% 
aqueous Carbopol solution used in related experiments. We solve the governing 
equations under the assumption of axial symmetry by using the stabilized finite 
element formulation by Varchanis et al.2, the so-called PEGAFEM-V. The domain 
around the deforming shapes of the bubbles is dynamically tessellated using 
improvements of the established elliptic grid-generation method3. We investigate the 
dynamics of the flow for various initial distances and bubble volumes by tracking their 
interface shapes and the distance between them. We notice that the interplay between 
plasticity and elasticity plays a key role to the approach of the two bubbles due to the 
elastic behavior of the material’s unyielded part. The motion of the leading bubble 
creates stresses that remain stored in the resolidified material, thus facilitating the rise 
of the trailing bubble. Also, when the two bubbles have approached each other 
enough, the faster trailing bubble squeezes material towards the leading bubble 
compressing its rear pole, giving the latter an oblate shape. The larger the initial 
distance is, the longer it takes for each bubble to perceive the other’s presence. Prior 
to closely approaching each other, only the volume of the bubbles affects their shapes. 
At small bubble sizes, inverted teardrop shapes arise due to elasticity dominating the 
material properties, while at larger sizes, oblate shapes arise due to dominating inertia, 
as Moschopoulos et al.4 pointed out for a single bubble rising in an EVP material. 
Finally, we conduct a detailed parametric analysis of the impact of the material 
properties on the dynamic response of the system and the evolution of the interfaces. 
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Viscoplastic blisters 

Thomasina V. Balla, Neil J. Balmforthb 

Many problems involve the spreading of a viscous fluid underneath a surface skin or 
crust, such as the intrusion of magma into the crust1, the formation of ordered wrinkle 
patterns for the production of microfluidic devices2, and the reopening of airways in 
biological fluid mechanics3. A characteristic of these types of problems is that the 
spreading is controlled by the physics at the fluid front rather than a bulk similarity 
solution due to the singular nature of the contact line. This leads to a matching 
problem between a quasi-static interior blister and the behaviour of the peeling region 
at the front. 
Typically, these studies have considered the skin to be elastic, however in many cases a 
more viscous or plastic description might be a more relevant model. In this talk, I will 
consider the spreading of a viscous fluid underneath a viscoplastic plate (a Herschel-
Bulkley rheology)4. I will look at the regimes when the plate is a very viscous fluid or 
an ideal plastic material, in either a two-dimensional or circular geometry. As I will 
show, unlike other peeling problems, the viscoplastic plate model gives rise to an 
integral constant which reduces the need for a detailed solution over the peeling 
region. In the case of a viscous plate, this simplifies the analysis dramatically compared 
with the elastic case. For the viscoplastic plate, the simplification also occurs. 
However, understanding the structure of the peeling region is complicated by the 
presence of a yield stress as the peeling wave ahead of the blister includes an infinite 
series of plugs and yielded zones, akin to other viscoplastic shallow films5. 

For submission to MS-2 Complex and non-Newtonian fluids. 
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A new brittle-elastoviscoplastic fluid based on the Drucker-Prager 
plasticity

P. Saramitoa

A brittle-elastoviscoplastic (BEVP) fluid model is presented in this talk [1]. This model 
is relatively simple to use, as it contains few material parameters and a simple fixed-
point algorithm is effective for solving the coupled system of equations. The model 
combines some existing fundamental features such as elasticity, plasticity and brittle 
damage. The combination of them is based on thermodynamics that ensures the 
positivity of the dissipation and the Onsager symmetry. Moreover, thermodynamics 
allows to point out the link between thixotropy and damage in the context of 
elastoviscoplastic (EVP) fluids. Theoretical results on the Drucker-Prager plasticity 
criterion are completed in order to use it here. Preliminary results with the proposed 
BEVP model are very encouraging: it is able to represent the pre-failure, failure and 
post-failure behavior of quasi-brittle materials.  

Keywords: elastoviscoplastic fluid ; damage ; thixotropy ; finite element method.
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Evaluation of depth-averaged models for viscoplastic free-surface 
flows: cross-comparisons with experiments 

G. Chambona, P. Vigneauxb, C. Ginota

Numerical models used to simulate natural hazards such as debris flows or 
avalanches at full scale generally rely on a shallow-flow approximation. Through a 
depth-averaging procedure of the conservation equations, the dimension of the 
problem can then be effectively reduced, which makes it possible to compute the 
propagation of free-surface flows over large distances (typically, several km) and over 
complex topographies. However, since the vertical structure of the flow is not 
resolved, properly accounting for a non-Newtonian rheological behaviour of the 
material remains challenging in such models. Difficulties concern in particular the 
representation of dissipation due to internal shearing or, in case of a viscoplastic fluid, 
the possible co-existence between yielded and unyielded zones and the arrest 
condition of the flow. In this contribution, we critically review and compare different 
formulations proposed for depth-averaged models of viscoplastic fluids. Depending 
on the models, the handling of the rheology ranges from simple empirical closures to 
fully-consistent asymptotic derivations stemming from the 3D constitutive law. We 
evaluate the predictive capabilities of the different models against laboratory 
experiments, consisting in viscoplastic dam breaks over 3D-printed topographies 
featuring combinations of mounds and dams. Surge propagation over time and final 
deposit shapes are monitored finely and compared to numerical results. The respective 
contributions of inertial and rheological effects in the interactions between the flow 
and the topographical features are investigated, and particular focus is put on flow 
regimes involving strong interplay between the two effects. As none of the models 
allow for a perfect match with the data, perspectives for future improvements are 
discussed. 

a
Univ. Grenoble-Alpes, INRAE, UR ETNA, Grenoble, France

b
UMPA, CNRS, ENS de Lyon, Lyon, France 

117



Modelling two-dimensional flows of a viscoplastic fluid down 
an inclined plane: a new view on the Herschel–Bulkley law 

D. S. Denisenkoa, G. L. Richarda, and G. Chambona

Two-dimensional flows of a viscoplastic fluid propagating down an inclined plane 
involve coexistence between sheared and pseudo-plug zones1. The pseudo-plug 
represents a slightly sheared layer located close to the free-surface, in which the stress 
is just above the yielding threshold. In most previous approaches2, the source of small 
shearing in the pseudo-plug is related to plastic effects. In the present approach, we 
propose an alternative formulation of the 3D viscoplastic Bingham or Herschel-
Bulkley constitutive law such that pseudo-plug shearing rather arises from viscous 
terms. Two different scalings are used for the sheared layer and the pseudo-plug. 
Asymptotic expansions of velocity profiles based on a shallow-flow approximation are 
built up to order one in aspect ratio, and are shown to compare well with experimental 
data (see Figure 1). The benefit of the new approach is that the shear rate remains 
continuous at the transition between the sheared layer and the pseudo-plug. A 
hydraulic model is then derived by averaging the mass, momentum and energy 
conservation equations over the fluid depth. This yields a system of three equations 
for the fluid depth, the average velocity and the enstrophy, related to the variance of 
the velocity, which have the mathematical structure of the Euler equations for 
compressible fluids with relaxation source terms. The equations are numerically solved 
by classical schemes which are known to be reliable and robust. 
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Figure 1: Longitudinal velocity profiles in a viscoplastic free-surface surge: comparisons 

between experimental data2 (grey dots) and theoretical predictions from the present approach 
(blue and red lines, corresponding to the sheared and pseudo-plug zones respectively). The x-
coordinate corresponds to the normalized distance from the tip of the surge. 
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A viscoplastic mucus model with kinematic hardening for airway 
closure 

B. Fazlaa, O. Erkenb, F. Romanòc and Metin Muradoglua

The airway closure within a human lung is modelled as a rigid tube internally coated 
with a two-layer liquid film. The layer adherent to the tube wall is a serous layer 
composed of an essentially Newtonian fluid and at the outer side is a mucus layer that 
exhibits a viscoplastic behavior. Both one-layer and two-layer models are constructed 
for the airway liquid film. The one-layer model utilizes a homogenization procedure, 
while the two-layer model respectively treats the serous and mucus layers as Newtonian 
and viscoplastic fluids with variable material properties and surface tension at the 
interface. The Saramito-Herschel-Bulkley (Saramito-HB) model with a kinematic 
hardening model1 is used to account for the viscoplasticity of the mucus, and 
simulations are performed using a front-tracking method. Fig. 1 (left) depicts the one-
layer model for the airway closure. Simulations are performed for the healthy as well as 
the pathological conditions of asthma, COPD, and CF. The rheological properties are 
determined by fitting2 the Saramito-HB model to the experimental data3. A sample 
fitting result for COPD is shown in Fig. 1 (middle). Sample results are also shown in 
Fig. 1 (right) for shear stress and pressure excursions on the airway wall obtained using 
a single-layer Saramito-HB and Newtonian models.  

a
Dep. Mech. Eng., Koc University, Rumelifeneri Yolu, Sariyer, 34450 Istanbul, Turkey 

b
 Sch. Eng., Institute for Infrastructure and Environment, The University of Edinburgh, Edinburgh 

EH9 3JL, United Kingdom 
c

Univ. Lille, CNRS, ONERA, Arts et Métiers Institute of Technology, Centrale Lille, UMR 9014 - 

LMFL - Laboratoire de Mécanique des Fluides de Lille - Kampé de Fériet, F-59000 Lille, France 

1 Dimitriou et al., J. Rheol. 57, 27 (2013).
2 Fraggedakis et al., Soft Matter. 12, 5378 (2016).
3 Patarin et al., Sci. Rep. 10, 15685 (2020).

Figure 1: (left) Schematic illustration of the single-layer airway closure model. (middle) 
Sample fitting2 of the Saramito-HB model with and without kinematic hardening1 to 
the experimental data3 for the COPD case. Symbols denote experimental data while 
solid and dashed lines indicate the model fit with and without kinematic hardening, 
respectively. (Right) Sample results for the shear stress and pressure excursions on 
airway walls for healthy and pathological cases (La = 200). 
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Freezing Hydrogels 

L. Seguya, S. Protièrea and A. Huerreb

Hydrogel is an elastic material composed of a polymer matrix with the ability 
to absorb a large amount of water, which can make up 99% of the gel mass in the case 
of superabsorbent hydrogels. Repeated cycles of freezing and thawing on hydrogel 
pieces lead to the formation of a very specific fibrous structure allowing them to 

mimic properties of many human tissues such as muscles1. They are therefore a useful 

tool in medical science for tissue engineering 2 3.  

However, the physics behind the freezing of a hydrogel remains to be 
understood. Here, we present experimental results on the freezing of hydrogel 
structures under various conditions. We mainly study agar gels with an agar 
concentration between 7 and 50 g/L. We cool a copper substrate to a temperature 
ranging from -80 to 0 °C on which we place the gel.  We then measure the freezing 
front and study the deformation of the material. 

We will discuss how the geometry can influence the freezing process as 
hydrogels can be molded into various geometries (for example cylindrical, conical, 
spherical, see figure 1). As the hydrogel structure is surrounded by the ambient air, 
one could consider it as a perfect model for testing the geometry influence under 
adiabatic boundary conditions. In this spirit, we compare our experimental results to 
the theoretical framework of the one dimensional Stefan problem and show that 
hydrogel cylinder freezes like water until a critical temperature that depends on the 
agar concentration. 

Finally, we explore the deformation of this elastic material under internal 
expansion due to the change of water in ice by characterizing the typical modification 
of the overall shape.  

—————
a Sorbonne Université, CNRS, UMR 7190, Institut Jean Le Rond d’Alembert, F-75005 Paris, France

b MSC, Université de Paris, CNRS (UMR 7057), 75013 Paris, France

1 S. Chatelin et al Phys. Med. Biol. 59 6923 (2014)

2 E. Hesse et al Journal of Biomedical Materials Research Part A, 94(2), 442-449 (2010)

3  D. Wu et al Langmuir, 24, 18, 10306–10312 (2008)

Figure 1 : Experimental cylinder, half sphere and cone of agar gel of 
concentration 20 g/L deposited on a copper substrate. 
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Rayleigh-Bénard convection of Carbopol microgels: are 
viscoplastic models adequate? 

I. Karimfazlia, A. Ahmadia and H. Olleika

Thermal convection of yield stress fluids is common in natural and industrial settings. 
The development of thermal instabilities and the formation of convective cells in a 
fluids layer heated from below, the Rayleigh-Bénard convection (RBC), is one of the 
most widely studied free convection problems. Although differences between 
viscometric flows of (real) yield stress fluids and (ideal) viscoplastic fluids are well 
known in the literature, theoretical and numerical studies of natural convection of 
yield stress fluids (YSF) are based on viscoplastic models. A central implicit 
assumption here has been that the differences between YSF and viscoplastic fluids 
(VPF) are inconsequential in the fluid dynamics of natural convection. We examine 
this assumption in the RBC of YSF. More specifically, we investigate whether the 
experimental observations of the RBC of YSF can be rationalized using viscoplastic 
models. We conduct numerical simulations of the steady 2D natural convection of 
VPF in a long rectangular cavity to explore how the uncertainties of the rheological 
properties and the temperature boundary conditions propagate to the uncertainties of 
steady flow features. For the ideal boundary conditions and a finite yield stress, the 
motionless state is a steady regime in the Rayleigh–Bénard settings irrespective of the 
value of the other dimensionless groups. The uncertainties in the temperature 
boundary conditions can eliminate this steady regime. Thus, the observation of flow 
development in experiments does not necessarily contradict the theoretical predictions 
based on viscoplastic models. Nevertheless, we show that the experimental estimates 
of the critical conditions challenge the predicted stabilizing effect of the yield stress: 
the estimates do not depend on the yield stress in the manner predicted by viscoplastic 
models. 

a
Department of Mechanical, Industrial & Aerospace Engineering, Concordia University, 1455 
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Filaments of Viscoplastic Fluids on a Surface 

D. Tiemana, J. van der Kolka, M. Jalaala

A liquid filament spreads on a surface until it reaches equilibrium. In the case of yield 
stress (aka viscoplastic) fluids, the dynamics and the final static shape are determined 
by the surface tension, gravity, solid surface properties, and the liquid's rheological 
properties. We experimentally (see figure 1) show how the yield stress dictates the 
final shape of gently deposited yield stress filaments on a surface.  

We first present the results of a single filament deposition on a pre-wetted surface for 
a range of yield stress and the deposition flow rate. We show how the final width of 
the filament decreases as the yield stress values increase. In addition to the 
experiments, we present a counterpart model based on viscoplastic lubrication theory 
and find a power-law scaling for the final width of the filament as a function of the 
plastocapillarity number. We find a fair comparison between the experiments and the 
theory. However, discrepancies have also been observed. We will discuss the possible 
origin of these discrepancies. 

We will then present the dynamics and final shape of two viscoplastic filaments. We 
show when the distance between the filaments is smaller than a critical value, they 
merge. The final shape of these coalesced filaments is governed by multiple factors, 
mainly the competition between yield stress and surface tension. We will systematically 
explore this final shape as a function of control parameters and provide a theoretical 
counterpart to explain their main geometrical features. 

Figure 1: Experimental setup to investigate the viscoplastic filaments deposited on a surface. 

a
Van der Waals–Zeeman Institute, University of Amsterdam, Science Park 904, 1098 XH 

Amsterdam, The Netherlands
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Viscous-inertial transition in dense granular suspension 

F. Tapia a,b,c, M. Ichihara b, O. Pouliquen a and E. Guazzelli a,d

Granular suspensions present a transition from a Newtonian rheology in the Stokes 
limit to a Bagnoldian rheology when inertia is increased. This transition where there are 
a great number of environmental and engineering applications is not well deciphered. 
It is considered to take place when the viscous and inertial stresses have the same order 
of magnitude, i.e., to be described by the ratio between the inertial and viscous stress 
scales, namely the Stokes number. However, since the seminal work of Bagnold1 who 
identified the two regimes, the studies are scarce and still inconclusive.  Numerical 
studies2-4 finds that it happens at a transitional Stokes number around 1-2, independent 
of the volume fraction, while two experiments5,6  and theoretical work for frictionless 
particles7 suggest that the transitional Stokes number vanishes when approaching the 
jamming transition.  
In this study, a custom rheometer which can be run in a pressure- or a volume-imposed 
mode is used to examine this transition in the dense regime close to jamming. By varying 
systematically the interstitial fluid, shear rate, and packing fraction in volume-imposed 
measurements, we show that the transition takes place at a Stokes number of 10 
independent of the packing fraction. Using pressure-imposed rheometry, we investigate 
whether the inertial and viscous regimes can be unified as a function of a single 
dimensionless number based on stress additivity2,3. 

a Aix-Marseille Université, CNRS, IUSTI, Marseille, France 
b Earthquake Research Institute, The University of Tokyo, 1-1-1, Yayoi, Bunkyo-ku, Tokyo 113-

0032, Japan 
c Department of Mechanical Systems Engineering, Tokyo University of Agriculture and Technology, 

Koganei, Tokyo, Japan 
d Université de Paris, CNRS, Matière et Systèmes Complexes (MSC) UMR 7057, Paris, France 

1 Bagnold, Proc. R. Soc. London Ser. A 225, 49 (1954)
2 Trulsson et al., Phys. Rev. Lett. 109, 118305 (2012) 
3 Amarsid  et al., Phys. Rev. E 96, 012901 (2017)  
4 Ness and E. J. Sun , Phys. Rev. E 91, 012201 (2015)
5 Fall et al , Phys. Rev. Lett.  105, 268303 (2010)
6 Madraki et al , J. Rheol.  64, 227 (2020)
7 DeGiuli et al , Phys. Rev. E.  91, 062206 (2015)
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Scraping of a layer of viscoplastic fluid 

Jesse J. Taylor-Westa, Andrew J. Hogga 

There are several processes in which a layer of material is spread or removed by a 
translating scraper: spreading peanut butter on bread with a knife; removing excess 
grouting from a tiled floor; and clearing snow off a road using a snow-plough, to name 
a few. These materials can all be modelled as viscoplastic fluids, which flow like a liquid 
at stresses above a threshold yield-stress, but act like a rigid solid at lower stresses. We 
use viscoplastic lubrication theory to study the scraping of a horizontal layer of 
viscoplastic fluid by a vertical scraper, translating with an imposed uniform velocity at 
a constant height above the base of the layer. The model couples descriptions of the 
flow ahead of and behind the scraper, which is assumed to be infinitely wide, and is 
analysed using asymptotic and numerical methods to reveal the unsteady motion.  We 
find the scraper removes ‘deposited fluid’ initially at rest on the plane, that a growing 
fluid mound moves ahead of it, and that it leaves behind an unyielded layer of reduced 
thickness.  The shape of the mound eventually becomes quasi-static, merely being 
advected with the scraper and entering a steady balance in which the volume flux under 
it matches the flux of material into the disturbed region.  However, the time taken to 
enter this steady balance can be extensive and it is important to compute the complete 
unsteady motion. 

When the scraper is of finite width, the flow may also divert around it as well as 
being squeezed under it.  We also present results for this setting, noting that the flow 
may become steady over much shorter timescales with the oncoming flux being 
predominantly balanced by the diversion around the scraper. 

Figure 1: Free-surface height (colour plot) and streamlines (black) in the frame of reference 

of a translating scraper (white), at three times in the evolution of the free-surface.  

a
School of Mathematics, University of Bristol, Woodland Rd., Bristol, BS8 1UG, UK
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 Experimental investigation of viscoplastic flows over 
topographical features

C. Ginot1, G. Chambon1, P. Vigneaux2, P.Philippe3

 Free-surface flows of viscoplastic fluid are involved in a large variety of 
applications in industry and geophysics. Frequently, the complexity of geophysical 
flows is further enhanced by topographical features that can block, redirect or channel 
the flux. Understanding such interactions with a complex topography is of paramount 
importance for, e.g., predicting avalanche trajectories and runout. If numerous 
experimental studies of viscoplastic flows down planar slopes or inclined channels can 
be found in the literature, experiments of viscoplastic flows on complex topographies 
remain rare. We report on a well-controlled experimental set up designed to study 
such flows in a strongly transient configuration (dam break). To this end, a given 
volume of viscoplastic fluid (Kaolin or Carbopol) is released on several model 
topographies including combinations of mounds, dams and small-scale oscillations 
that have been 3D-printed. Using Moiré projection and Fourier Transform 
Profilometry, the evolution of flow thickness over time can be recovered with a 
typical accuracy of 0.5 mm and a temporal resolution of 0.03 s. A specific technique 
using two projectors was developed to cope with the shadows generated by the 
topography. Release position, release volume, fluid rheological properties, and mean 
topographical slope, were varied to explore the different flow regimes. Results 
highlight the complex interplay between inertial and rheological effects in the 
interactions with topographical features, as well as the critical role played by the 
release condition. These data are meant to be used as a benchmark for investigating 
the rheological and mechanical behaviour of such flows and for cross-comparisons 
with viscoplastic flow simulation from newly developed models. 

1
Univ. Grenoble-Alpes, INRAE, UR ETNA, Grenoble, France

2
UMPA, CNRS, ENS de Lyon, Lyon, France

3
RECOVER, INRAE, Aix Marseille Université, Aix-en-Provence, France 
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The numerical study of Elastoviscoplastic (EVP) fluid past a 
circular cylinder at moderate Reynolds number 

S. Parvar2

a, K. T. Iqbala, M. N. Ardekania, L. Brandta, and O. Tammisolaa 

The effect of elascoviscoplastic (EVP) fluid on the vortex shedding around a circular 
cylinder at moderate Reynolds numbers is studied by numerical simulations. Previous 
studies found that increasing viscoplastic or viscoelastic effects decrease the Strouhal 
number of the von Kármán vortex shedding and finally stabilize it1,2, while elastic 
instability modes3 are observed at higher Weissenberg numbers. However, the 
combined effect of yield stress and elasticity (EVP flow) at moderate Reynolds 
numbers has not been studied so far. In this work, the immersed boundary method4 
(IBM) is utilized to present the fixed cylinder embedded in the computational domain, 
and the Saramito constitutive equation5 is used to describe the EVP fluid features: 
yield stress, elasticity, and shear thinning. The code has been validated by comparison 
with published Newtonian6 and non-Newtonian fluids7 results. Simulations have been 
performed for Re=50 and 100, the ratio of solvent kinematic viscosity to total
viscosity 0.8≤βs≤1.0, power-law index 0.2≤n≤2.0, the Weissenberg number (Wi)
0≤Wi≤10, and Bingham number (Bn) 0≤Bn≤10 to systematically investigate EVP
effect on flow characteristics such as flow instability, time-averaged drag and lift 
coefficients, Strouhal number (St), flow structure and vortex shedding.

a
SeRC and FLOW, Dept. Eng. Mech., KTH Royal Inst. of Technology, SE-10044 Stockholm, Sweden. 

1 Mossaz et al., J. Non-Newton. Fluid Mech. 165, 1525-1535 (2010). 
2 Peng et al., J. Non-Newton. Fluid Mech. 294, 104571 (2021). 
3 McKinley et al., Phil. Trans. Royal Soc. A, 344 (1671), 265-301 (1993). 
4 Breugem et al., J. Fluid Mech. 136(4), 040902 (2014). 
5 Saramito, J. Non-Newton. Fluid Mech. 158, 154-161 (2009). 
6 Constant et al., Comput Fluids 157, 55-72 (2017). 
7 Minaeian et al., Phys. Fluids 43, 013106 (2022). 

Figure 1: The instantaneous vorticity distribution for Re=100, Wi=1, n=0.2, βs=0.9, and Bn=0,
the range of vorticity is from -1.0 to 1.0.
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Wall-slip induced flow restart in gelled waxy crude oil pipeline 
A. Sanyalab and L. Kumara

The flow assurance in subsea crude oil pipeline often meets with the problem of being 
clogged down due to the precipitation of its wax components below Wax Appearance 
Temperature when non-functional. If given time, the precipitation leads to strong 
span of interlinked gel network. The gel structure (homogeneous or heterogeneous) 
depends on the shear and thermal history undergone during the gelation. At statically 
cooled condition, the gel develops high yielding stress and gel strength with a nearly 
homogeneous structure. However, a pressurised fluid is used for gel degradation and 
steady-state flow restart operation following the halt. The pumping requirements are 
often overestimated by the industries since the calculations for pressure requirements 
are simplistically done through either Hagen-Poiseuille or Dodge-Metzner method. 
Later, it was seen that the understanding of initial pressure wave propagation during 
the gel degradation process guides the proper estimation of pumping requirements. 
The gelled waxy crude oil (WCO) shows various complex rheology varying from 
elasto-viscoplastic rheology to shear-thinning based Generalised Newtonian Fluid1,2,3 
at suitable conditions for shear rate. The propagation of pressure occurs through 
weakly compressible gel present in the pipeline.  
 In the present study, we intend to take up the issue of wall-slip induced gel 
clearance during isothermal flow restart operation in a WCO oil pipeline. A numerical 
study based on finite volume methodology is carried out. The governing equations 
comprise the conservations laws for mass, momentum and strain evolution in a 
cylindrical coordinate system. The variation in the density of the WCO is obtained 
from the equations of state. The rheology used in the present problem is indirect 
microstructural-based so as to account for gel deformation. Eventually, the set of 
partial difference equations is solved using a FORTRAN-based in-house code2. To 
account for wall-slip, the slip velocity is considered as an empirical function of shear  
stress3. The slip at the surface of the wall causes early flow restart, but the overall 
deformation process in the gel is slow compared to the no-slip scenario (Fig. 1). The 
late overall deformation in a wall-slip scenario is succinct during high the case of high 
initial gel strength. The stick-slip mechanism induces non-linear transients in the local 
flow parameters as shown in Fig. 2. 

a
Dept. of Energy Science and Engineering, IIT Bombay, Mumbai 400076, Maharashtra, India

1 Wardaugh and Boger, AIChE J. 37(6), 871 (1991).
2 Sanyal et al., Phys. Fluids 33, 043101 (2021).
3 Hatzikiriakos, Prog. Polymer Sci. 37, 624 (2012).
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Numerical simulation of blood flow, residence time and 
coagulation cascade in an aneurysm 

M. Guerrero-Hurtadoa, M. Garcia-Villalbaa, A. Gonzalob, P. Martinez-
Legazpic, A.M. Kahnd, J. Bermejoe, J.C del Álamob and O. Floresa

Thrombogenesis is a complex process initiated by the coagulation cascade, a 
biochemical process that includes more than 80 kinetic reactions and species (proteins, 
enzymes and other substances). We present a strategy to reduce the computational 
burden of coagulation cascade models in complex geometries. The blood is assumed to 
be a Newtonian fluid and the species of the coagulation cascade are considered passive 
scalars, not affecting the flow dynamics. The hemodynamics is described with the 
Navier-Stokes equations, and the coagulation cascade is described using a system of 
Advection-Diffusion-Reaction (ADR) equations. We note that the advective and 
reaction time scales are much shorter than the diffusive time scale. Hence, diffusion 
processes are mostly irrelevant in the evolution of the concentration of the coagulation 

cascade species, ui, which can be described now by a system of ordinary differential 

equations (ODEs) depending only on the blood residence time, TR.  This simplifies the 
solution of the ADR equations (i.e., a large system of partial differential equations) to a 

single partial differential equation for TR, and a system of ODEs for ui.  
To illustrate the methodology, we consider a pulsating flow in an idealized 2D 

aneurysm with a simplified model of the intrinsic pathway of the coagulation cascade 
[2, 3], accounting for the concentrations of thrombin (the main output of the intrinsic 
pathway), factor XIa (an activator) and protein Ca (an inhibitor). We perform numerical 
simulations of the flow in the 2D aneurysm using the in-house code TUCAN [4]. After 
discarding initial transients, velocity fields are stored to be employed as input in the 
advective terms for the calculation of the residence time and the solution of the ADR 
equations. The residence time is then used to compute the concentrations of the 
coagulation cascade species, providing a direct comparison between the reduced model 
and the solution of the full ADR system of equations. Simulations are run for three 
different initial conditions, corresponding to the initiation, propagation, and inhibition 
phases of the intrinsic pathway of the coagulation cascade. 

In the presentation we will discuss the advantages and disadvantages of the reduced 
model. Overall, the reduced model is a cost-effective solution that can be trivially 
extended to more complex models of the coagulation cascade. 

___________________________________________________________ 

a
Bioengineering and Aerospace Engineering Department, UC3M, Leganés, Madrid, Spain. 

b Mechanical Engineering, University of Washington, Seattle, Washington, USA. 
c Universidad Nacional de Educación a Distancia, Madrid, Spain. 
d Mechanical Engineering, University of Washington, Seattle, Washington, USA. 
e Hospital General Universitario Gregorio Marañón, Madrid, Spain. 
1 Cito and Badimon, Thromb. Res, 131, 116-123 (2013)
2 Ermakova et al., Pathophysiol. Haemost. Thromb, 34, 135-142 (2005)
3 Zarnitsina et al., Chaos, 11, 57-70 (2001)
4 Moriche et al., J. Fluid Mech, 828, 395-423 (2017)
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Surface-tension-driven evolution of a viscoplastic liquid coating 
the interior of a cylindrical tube 

J. D. Shemilta, A. Horsleyb, O. E. Jensena, A. B. Thompsona and
C. A. Whitfielda,b

One mechanism for airway closure in the lung is the surface-tension-driven instability 
of the mucus layer which lines the airway wall. We study the instability of an 
axisymmetric layer of viscoplastic Bingham liquid coating the interior of a rigid tube, 
which is a simple model for an airway that takes into account the yield stress of 
mucus. We have derived an evolution equation for the thickness of the liquid layer 
using long-wave theory, with a flow structure similar to that of previously studied 
viscoplastic thin-film flows1 (figure 1). We also present a simpler thin-film evolution 
equation that can be derived as a special case of the long-wave equation.  

In the thin-film case, we show that two branches of marginally-yielded static 
solutions of the evolution equation can be used to both predict the size of initial 
perturbation required to trigger instability, and quantify how increasing the capillary 
Bingham number, B, (a parameter measuring yield stress relative to surface tension)
reduces the final deformation of the layer. Using numerical solutions of the long-wave 
evolution equation, we quantify how increasing B increases the critical layer thickness
required to form a liquid plug. When B is sufficiently large, this critical thickness can
be significantly larger than the value for a Newtonian layer, 12% of the tube radius2. 
We also quantify how the critical thickness depends on the initial conditions, and how 
the time taken to form a plug increases with B. We discuss the significance of these
findings for modelling airway closure in obstructive conditions such as cystic fibrosis 
where the mucus layer is often thicker and has a higher yield stress. 

a
Dep. Mathematics, University of Manchester, Manchester, M13 9PL, UK

b
Div. Infection, Immunity, and Respiratory Medicine, University of Manchester, M13 9PL, UK

1 Balmforth and Craster, J. Non-Newton. Fluid Mech. 84 (1), 65 (1999)
2 Gauglitz and Radke, Chem. Eng. Sci. 43 (7), 1457 (1988)
3 Shemilt et al., pre-print, http://arxiv.org/abs/2202.11070 (2022)

Figure 1: A viscoplastic layer forming a liquid plug. The flow has regions which are 
unyielded, weakly yielded with plug-like flow, and fully yielded with shear flow. 
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Microstructure and relaxation of a colloid clog formed under 
hydrodynamic flow

T. Desclauxa,b, M.L. Mokranea, J.F. Morrisc, P. Josephb and O. Liota

Liquid-solid separation is a central process in many fields of application, such as 
water treatment, ink-jet printing or bioprocessing. When a suspension flows through a 
membrane, many objects such as colloids can accumulate at the solid surface. 
Hydrodynamic resistance increase induced by particle accumulation is a key problem 
for improving filtration processes. For decades, filtration studies at membrane scale 
have focused on global hydraulic response or membrane material. Since the advent of 
microfluidics, the study of microfiltration has become a very active field of research, 
aiming at relating microscale phenomena to macroscale ones. Wyss et al.1 were 
precursors in this domain, followed by many others as detailed in a recent review2.  

Our work is an experimental study of filtration of a colloidal suspension using 
microfluidic devices. A suspension of 1-µm-diameter colloid flows through parallel 
slit-shaped pores at fixed pressure drop and ionic strength leading to an accumulation 
of colloids at pore entrance (clog) formed under hydrodynamic forcing. Image analysis 
coupled to continuous wavelet transform of confocal microscopy pictures of the layer 
of colloids close to the device wall reveal large heterogeneities in both porosity and 
particle organization. Porosity decreases and crystallinity increases moving away from 
the pore. This phenomena is more marked when the ionic strength is lower, 
corresponding to higher electrostatic inter-particle repulsions, which lets the colloids 
rearrange more. Based on a phase diagram involving hydrodynamic forcing and 
electrostatic repulsion we propose a physico-chemical interpretation of our 
observations with three different regimes3. 
 Once the hydrodynamic forcing is stopped, a portion of the clog goes back in 
suspension whereas the other is irreversibly stuck to the membrane. We show that the 
relative weight of each of these portions mainly depends on the hydrodynamic forcing 
under which the clog was formed. We also study the dynamics of resuspension of the 
particles, which reveals a transition from collective diffusion, induced by very high 
particle concentration in the clog, towards Brownian diffusion. 

a
Institut de Mécanique des Fluides de Toulouse, Université de Toulouse, CNRS, Toulouse, France 

b
LAAS-CNRS, Université de Toulouse, CNRS, Toulouse, France 

c
Levich Institute and Chemical Engineering, CUNY City College of New York, New York, USA 

1 Wyss et al., Physical Review E 74, 061402 (2006).
2 Dressaire & Sauret, Soft Matter 13, 1 (2017).
3 Mokrane et al., Soft Matter 16, 9726 (2020).

Figure 1: Example of clogs at the entrance of pores (red lines). 
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Self-organisation of phoretic suspensions in shear flows 

P. M. Vinze1, S. Michelina

Janus phoretic particles exploit chemical energy to self-propel at microscopic scale. 
These active colloids modify and respond to their hydrodynamic and chemical 
environment, thus providing them with the ability to respond to an external flow and 
interact both hydro-dynamically and chemically with other particles. Their dual 
response to hydro-chemical fields introduces many similarities with chemotactic 
biological microswimmers (e.g. bacteria, algea). These interactions often lead to non-
trivial collective behaviour within such biological or synthetic active suspensions (e.g. 
cluster formation of phoretic particles or bacterial swarming). Recent experiments and 
analysis have demonstrated that the response of active suspensions to shear flow is 
non-trivial and can in fact lead to significant reduction in viscosity due to the injection 
of energy at the microscopic scale.  
In this work, we specifically analyse numerically the response to shear of a dilute and 
confined suspension of chemotactic phoretic particles using a continuum model. The 
dynamics of the system results from the complex interaction of the external flow field 
and the chemotactic response of the particles in the presence of confinement. The 
collective dynamics of the suspension is analysed by varying the strength of external 
shear rate. We identify three successive regimes depending on the strength of shear 
rate. At very low shear rates, particle and chemical diffusion balances the weak 
advection provided by the background flow. For larger shear, the background flow 
dominates and the system exhibits oscillations. As the shear rate is increased further, 
the system achieves a steady state which is uniform in the flow direction.  
In a second step, we investigate the feedback effect on the flow of the self-organized 
suspension and, more specifically on the effective viscosity of the {fluid+particle} 
system, demonstrating a reduction or increase of the effective viscosity (compared to 
the pure solvent viscosity) depending on the strength of the imposed shear rate.  

Figure 1: (Left)Phoretic suspension in a shear flow. (Right)Particle density (top) and solute 
concentration distribution (bottom). Black arrows indicate the local polarisation of the 
particles.  

1 LadHyX – Département de Mécanique, Ecole Polytechnique – CNRS, 91128 Palaiseau Cedex, France 

133



Mesoscopic simulations of the phase transition in active colloidal 
suspensions 

A. Gülce Bayrama, Luca Biancofiorea

Phase transition and collective dynamics of active colloidal suspensions is an 
important topic in soft matter physics, in particular for out-of-equilibrium biological 
systems. These systems are challenging to describe with conventional methods due to 
the coexistence of different length-time scales and the lack of molecular-level details. 
The issue is to include all together the effects of thermal fluctuations, hydrodynamic 
interactions and spatio-temporally varying forces.  

Therefore, a mesoscopic simulation method is the most suitable choice to model 
the solvent of colloidal suspensions. In this regard, the Multiparticle Collision-
Anderson Thermostat (MPC-AT)3 algorithm has been used due to its capability to 
preserve also the angular momentum with respect to other MPC algorithms. A 
conventional molecular dynamics method, e.g. the repulsive Yukawa potential, was 
used to describe the colloids, leading, in combination with MPC-AT for the fluid 
particles, to a multi-scale approach for simulating crystallization and melting of 
colloidal suspensions. The activity of the system has been introduced by a non-
equilibrium parameter f.  

The structural changes are followed up through the global bond-orientational 
order parameter, ψ6, by changing the coupling strength Γ (Figs. 1a-d). Our results are 
consistent with the previous studies showing that hydrodynamic interactions affect 
slightly the transition between a disordered liquid and an ordered crystalline phase for 
passive particles (f=0), while causing remarkable shifting of the transition to higher 
densities for active systems (f>0) (Fig. 1e). We conclude our analysis by showing how 
the phase transition of active colloidal suspensions is affected by shear in both planar 
and cylindrical geometries.  

a
Dep. Mechanical Engineering, Bilkent University, 06800 Ankara, Turkey 

1 Bialké, Speck and Löwen, Physical review letters 108, 168301 (2012).
2 Li, Jiang and Hou. Soft matter 11, 5712 (2015).
3 Gompper et al., Adv. computer simulation approaches for soft matter sciences III, 1-87 (2009). 

Figure 1: Snapshots of particle configurations in different states of the transition, (a) ψ
6 
=0, (b)

ψ
6
=0.43, (c) ψ

6
=0.66, (d) ψ

6
=0.84. The colorbar represents the local order parameter per

particle. (e) Freezing curves in function of ψ
6
 for different values of f.
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Surface wave instability in shear-thickening suspensions down inclines: 

from Kapitza waves to Oobleck waves

B. Darbois Texiera, H. Lhuissiera B. Metzgera and Y. Forterrea

We investigate the primary instability that develops when a shear-thickening suspension 
flows down an inclined plane. At low volume fraction, where the shear-thickening 
rheology is continuous, the flow destabilizes above a critical Reynolds number 
corresponding to the classical Kapitza or roll wave instability, with a threshold slightly 
modified by the shear-thickening rheology. By contrast, at high volume fraction when 
the shear-thickening becomes discontinuous, a new kind of surface wave instability 
appears. Here, waves of large amplitude and long wavelength spontaneously develop 
although the Reynolds number is much smaller than the Kapitza threshold. We show 
that these waves, which we call `Oobleck waves', correspond to a zero-Reynolds 
number instability resulting from the coupling between the non-monotonic (S-shape) 
rheological laws of shear-thickening suspensions and the deformation of the free-
surface of the flow. A linear stability analysis of the flow conducted in the framework 
of the depth-averaged equations and using Wyart and Cates’ constitutive law captures 
the onset of the instability and the wave speed over the entire range of volume fraction 
studied, validating the proposed new instability mechanism. 

Figure 1 Left panel: Oobleck waves spontaneously forming in a cornstarch-water suspension down an inclined 
plane (volume fraction phi=0.45, theta=10 deg., h=7.5 mm). Righ panel: comparison experiments/linear 
stability analysis for the instability onset. 

a
Aix-Marseille University, CNRS, IUSTI, 13013 Marseille, France
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Rheology of dense suspensions in pressure-driven channel flow: 
influence of solid friction 

W. Peerboomsa, A.E.D.M. van der Heijdena,b, W.P. Breugema

Dense suspension flows occur in a variety of industrial processes, including 
additive manufacturing. 3D-printing of suspensions opens up a wide range of possible 
applications, from the printing of paper pulp, to metals, or even energetic materials. 
Understanding the rheology of the suspensions is of great importance in these 
applications, as non-Newtonian behaviour may negatively affect printing quality. The 
rheology of suspensions has been studied since the beginning of the 20th century. 
However, due to the complexity of the multibody hydrodynamic interactions and 
particle collisions/contacts, the rheology of dense suspensions is not yet completely 
understood1,2. 

In this work interface-resolved Direct Numerical Simulations, based on an efficient 
Immersed Boundary Method (IBM)3 and a frictional soft-sphere collision model4, are 
used to study the behaviour of dense neutrally-buoyant sphere suspensions in 
pressure-driven channel flow at low Reynolds number. The IBM has been modified 
by implementing an implicit integration of viscous diffusion terms and a semi-implicit 
fluid/solid coupling5. Currently, we investigate the influence of solid friction on 
particle-induced shear migration and the macroscopic flow properties in relation to 
the suspension microstructure. To this purpose we vary the bulk concentration from 
20 to 60 vol% and the Coulomb coefficient of sliding friction from 0 to 0.5. The 
rheology is analysed in terms of velocity and concentration profiles, momentum 
balances, particle stress (differences), relative and normal viscosities, pair distribution 

functions and (Iv) rheology. In future, we plan to investigate also the influence of 
polydispersity on the suspension behaviour6, as - next to the effect of solid friction - it 
may also have a pronounced effect on the maximum flowable packing fraction. 

a
Delft University of Technology, Faculty of Mechanical, Maritime and Materials Engineering, 

Process & Energy department
b

Netherlands Organization for Applied Scientific Research (TNO), Department of Energetic 

Materials 
1 Guazzelli and Pouliquen, J. Fluid Mech. 8522, P1 (2018).
2 Morris. Annu. Rev. Fluid Mech. 52, 121 (2020)
3 Breugem, J. Comput. Phys. 231, 4469 (2012).
4 Costa et al., Phys. Rev. E 92, 053012 (2015)
5 Tschisgale et al., J. Comput. Phys. 339, 432 (2017).
6 Pednekar et al., J. Rheol. 62, 513 (2018).
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Jamming of non-colloidal plant cell-wall suspensions: the role of 
packing, mechanical properties, and surface interactions

Panagiota Mourakaa,Vincenzo di Baria, Lawrence Harrisb and Gleb 
Yakubova 

The incorporation of dietary fibres (DFs) in the food systems provides structuring and 
nutritional benefits. The last decade saw the rise in the use of minimally processed plant 
cell-wall materials in the food industry to produce healthier products by replacing sugar 
and starch with non-digestible fibre ingredients1-3. The objective of this study is to 
elucidate the effect of particle properties on the micromechanical behaviour of 
concentrated DF suspensions. In this work, we use fibre particles of different botanical 
origin, which enables varying suspension microstructure and packing volume, as well as 
particle modulus and particle size distribution. The DFs were chosen from wheat, oat, 
citrus, apple, and pea fibres and were dispersed in sunflower oil to make the 
suspensions. The icing sugar suspensions were used as control. 
The Angell’s-like plot representation, where suspension’s G’ is plotted against particle 
concentration, enabled probing consolidation properties of concentrated suspensions. 
We show that most cellulose/starch rich fibres show ‘fragile’ behaviour, whereby G’ 
remains low up until the jamming point, beyond which a rapid increase in G’ is 
observed. By contrast icing sugar suspensions show ‘strong’ glass behaviour, with G’ 
increasing linearly up until the jamming point. For concentrations above jamming we 
observe G’ to plateau. However, contrary to the expectations, the modulus of 
suspensions in the jammed state is found to be independent of the particle modulus, as 
would be predicted by the Evans and Lips model4. We propose that the result indicates 
that the interaction potential between DF particles deviates from the Hertzian hard wall 
mechanical contact. Instead, the G’ is governed by the inter-particle adhesion energy. 
These insights allow an improved control of suspension rheological and 
micromechanical behaviour when plant fibre is used in food formulations. 

a
Division of Food Science, School of Biosciences, University of Nottingham, Sutton Bonington 

Campus, Loughborough, LE12 5RD, UK
b

Mondelēz UK R&D Limited, Bournville Lane, Birmingham, B30 2LU, UK 
1 Anderson. et al., Nutrition Reviews. 67, 188 (2009)
2 Foster et al., Journal of Food Science. 25, 1828 (2011)
3 Yu et al., Carbohydrate Polymers. 193, 179 (2018)
4 Evans. and Lips, Journal of the Chemical Society-Faraday Transactions. 86, 3413 (1990)
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A blood particulate analogue fluid with the human haematocrit. 
Micro and macroscale applications 

A. Rubioa, M. Lópeza , T. Rodriguesb, L. Campo-Deañob and  E. J. Vegaa

There has been an enormous interest in the production of fluids with rheological 
properties similar to those of real blood over the last years. One of the more 
important application field is Biomicrofluidics1, 2. The inclusion of microparticles in 
blood analogue fluids has demonstrated to be essential in order to reproduce in vitro
the multiphase flow effects taking place in the human microcirculatory system, such as 
the cell-free layer (CFL) and Fähraeus-Lindqvist effect. Here, we describe a protocol 
to produce a whole human blood analogue composed of: a proposed plasma analogue 
and flexible spherical microparticles that mimic key structural attributes of RBCs (size 
and mechanical properties), at a concentration matching the human haematocrit 
(around 42% by weight). Bulk shear and extensional rheology and microrheology 
techniques were used to match the properties exhibited by human plasma and whole 
blood. Finally, a macroscale application in the field of Forensic Science3 is presented, 
concerning the impact of the blood analogue droplets onto a solid surface for 
bloodstain pattern analysis. 
This research was funded through grants PTDC/EME-EME/30764/2017, PTDC/EMEAPL/ 3805/2021, PID2019-
108278RBC32 / AEI / 10.13039/501100011033, GR18175 and IB18005. 

a
Depto. de Ingeniería Mecánica, Energética y de los Materiales and Instituto de Computación 

   Científica Avanzada (ICCAEx), Universidad de Extremadura, E-06006 Badajoz, Spain 
b

CEFT, Departamento de Engenharia Mecânica, Faculdade de Engenharia da Universidade do 

   Porto, Rua Dr. Roberto Frias, 4200-465 Porto, Portugal 
1 Sebastian and Dittrich, Annu. Rev. Fluid Mech. 50, 483 (2018).
2 Sadek et al., Materials 14, 2451 (2021)
3 Yokoyama et al., Forensic Sci. Int. 331, 111138 (2022).

Figure 1: (Left a) PDMS microparticles. (Left b) Plasma analogue. (Left c) Blood particulate 

analogue fluid (around 42% wt of microparticles). (Right) Centrifuged human blood samples. 
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Drag reduction of three-dimensional blunt based bodies through 
reconfiguration of rear flexible plates 

J. I. Jiménez-Gonzáleza, J. M. Camacho-Sáncheza, C. García-Baenaa,
M. Lorite-Díezb, C. Gutiérrez-Montesa and C. Martínez-Bazánb

We perform an experimental study on the turbulent flow around a squareback Ahmed 
body of height h at Reynolds number Re = 105 and yaw angles β=(0º,5º,10º), to 
analyze the use of rear flexibly-hinged parallel plates as a drag reduction strategy. The 
model implements rear parallel rigid flaps of d=0.5h, which are mounted with a hinge-
like junction through embedded flexible foils of calibrated thickness and different 
materials. This holding system restricts the motion of plates to rotary displacement θ 
(Fig.1a). The fluid-structure dynamics is characterized by means of the reduced 

velocity, defined as U*=u∞/fn h, where u∞ is the freestream velocity, and fn is the 

natural frequency of rotary oscillations of the hinged plates, measured in free decay 
tests of flaps. The flexural stiffness of the flexible foils is changed parametrically to 

modify fn and give the range of reduced velocity U*=[0,55). Force and pressure 

measurements allow quantifying variations of the drag and base pressure coefficients, 
while laser displacement sensors are used to obtain the angular displacement of flaps. 
Results shows that using hinged plates decreases the drag by nearly 6% with respect to 
a body with static plates (U*=0) at β=0º. Under cross-flow conditions, the pressure 
recovery is larger, attaining relative reductions of the drag of nearly 20%. Such 
variations are shown to be associated to a progressive reconfiguration of flaps.  
*This work is supported by the Junta de Andalucía, Univ. de Jaén and European
Funds under the Project FEDER 1262764.

Figure 1: (a) Experimental set-up and (b) variation of the base drag coefficient with U* and β. 

a
Dep. Ingeniería Mecánica y Minera, Universidad de Jaén, Jaén, SPAIN

b
Dep. Mecánica de Estructuras e Ingeniería Hidráulica, Universidad de Granada, Granada, SPAIN
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The interaction of turbulent flows and flexible canopies 

M. E. Rostia, A. Montia, S. Olivieria

Complex flows, resulting from the interaction between surfaces coated with textures of slender 
filaments (canopies) and turbulent shear flows, are commonly found in nature. A deeper 
comprehension of the physical mechanisms that dominate this fluid-structure interaction 
problem, therefore, can lead to relevant technological applications. In particular, the interaction 
between turbulent fluid flows and a bed of filamentous solid elements is a relevant research 
subject with many applications in several fields. In boundary-layer meteorology, the interaction 
of wind with plant canopies modifies the momentum/heat fluxes and velocity profiles in the 
fluid flow, consequently influencing the transport and mixing properties above and within the 
canopy and potentially altering ecological mechanisms such as carbon dioxide exchange 
(Finnigan, 2000). Similar features are of primary interest in the study of aquatic vegetation such 
as seagrass meadows, that have a crucial role in many ecosystem services such as nutrient 
cycling (Nepf, 2012).  
Here, we tackle the problem by means of high-fidelity, fully-resolved direct numerical 
simulations (DNS) of turbulent flows in the presence of flexible canopies, to fully describe this 
complex FSI problem and, consequently, gain a better understanding of the underlying physical 
mechanisms. To this aim, a series of numerical experiments are performed in order to collect 
new data covering a wide range of the parametric space, here represented by the geometrical 
and mechanical properties of the canopy. In particular, two non-dimensional numbers have 
been varied: i) the Cauchy number, defined as the ratio between the drag exerted by the canopy 
on the flow and the restoring force of the canopy due to its rigidity; ii) the density ratio between 
the canopy and fluid densities, that regulates the relative buoyancy of the canopy immersed in 
the fluid flow.  

a Complex Fluids and Flows Unit, Okinawa Institute of Science and Technology Graduate 

University 
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Interaction between waves and a submerged membrane 

G. Pollya, A. Mérigauda, R. Godoy-Dianaa and B. Thiriaa

Forced motion of membranes in a fluid offers various fascinating problems. A 
scarcely documented forcing consists in placing a submerged membrane in a water wave 
field, thus imposing the excitation frequency along the whole membrane. This type of 
interaction has first been studied for potential applications as a wave barrier1. It also has 
been shown that a submerged membrane attached to the seafloor could be an efficient and 
robust wave energy harvester2. So far, the interaction between waves and a submerged 
membrane has been studied mostly analytically and numerically, with a strong focus on 
applications, while only few experimental works have been performed to characterize it.  

In this study, we adress the problem of the interaction between water waves and a 
submerged membrane, by means of physical experiments, with a view to highlighting and 
quantifying the various physical phenomena that contribute to the interaction. 

A thin flexible membrane, clumped at one end, is placed horizontally in a wave 
field. The simultaneous measurement of the waves (using full reconstructions of the wave 
field based on top view visualizations of the experimental flume) and of the deformation of 
the elastic plate (using side view video recording) provides many key parameters for an in-
depth understanding of the interaction, such as the energy reflected and transmitted by the 
structure, or the membrane deflection modes. It is found that the membrane reflects little 
energy but tends to withdraw energy from the waves, for wavelengths close to the 
membrane length. The mechanism for wave energy attenuation is further investigated using 
Particle Image Velocimetry. Observations suggest that a significant part of membrane 
momentum is transferred to the fluid, in the form of a local horizontal stream near the free 
edge of the membrane, instead of radiated waves. 

a
PMMH, ESPCI, 7 Quai Saint-Bernard, Paris, 75005, France 

1 Cho and Kim, Journal of Fluid Mechanics, 367, 139 (1998).
2 Lehmann et al., Proceedings of the 10th European Wave and Tidal Energy Conference, (2013)
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Shape-change in wakes triggers spontaneous transitions in 
aerodynamic bifurcation 

A. Gayouta, M. Bourgoina and N. Plihona

When subject to a flow in a wind tunnel, a disk pendulum presents a subcritical 
bifurcation with the coexistence of two aerodynamic branches, separated by stall, one 
governed by drag and the other by lift1. Between these branches, spontaneous 
transitions are observed experimentally. The waiting times ahead of such transitions 
are distributed following a double-exponential as a function of the control parameter, 
covering four orders of magnitude in time, for both transitions. We propose a model 
inspired from the transition to turbulence that links the observed transitions to rare 
events occurring in the aerodynamic forces acting on the disk2. 

To further the investigation on the trigger to the transitions, we implement Particle 
Image Velocimetry (PIV) synchronized with the angular detection of the transition. 
For both upwards and downwards transitions, we observe shape-changing events in 
the wake of the disk prior to the transition. In particular, the trailing-edge vortex goes 
down abruptly when stalling, while the oscillation of the centre of the wingtip vortices 
varies in amplitude.  

Some events are also observed that do not end up in a complete transition but 
rather only excursions between the two branches, returning to its initial branch. PIV 
measurements during such events provide additional insights on the shape-change 
required in the wake to trigger a complete transition. 

Figure: Example of an upward transition. Centre: angular time series.   
Left: Mean flow field (u, v) and fluctuations (up: u, down: v) at the start (lower branch).

Right: Mean flow field (u, v) and fluctuations (up: u, down: v) past transition (upper branch).

a
Laboratoire de Physique, CNRS, ENS de Lyon, France 

1 Obligado et al., J. Fluid Mech. 728, R2 (2013).
2 Gayout et al., Phys. Rev. Lett., 126, 104501 (2021).
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Designing efficient biomimetic propulsors by harnessing traveling 
flexural waves 

E. Demirera, O. A. Oshinowob, A. Erturka and A. Alexeeva

Fish achieve highly efficient and agile swimming by using a variety of beating patterns 
that range from anguilliform swimming to thunniform swimming. These swimming 
patterns can be characterized by the nature of the flexural waves generated by fish 
using the muscles and body/fins elasticity. Thunniform swimming is represented by 
standing waves leading to faster locomotion, whereas anguilliform swimming is 
associated with traveling waves yielding more efficient propulsion. In man-made 
biomimetic swimming devices that lack the control and adaptivity offered by 
biological muscles, modulating the beating pattern is a challenging task. While it is 
straightforward to produce standing flexural waves in an elastic propulsor due to the 
wave reflection at the trailing edge, the latter effect prevents the formation of traveling 
flexural waves in elastic propulsors of finite length. Using three-dimensional fluid-
structure interaction computational modelling, we probe the hydrodynamic 
performance of bio-inspired elastic propulsors with tapered thickness. Thickness 
tapering slows the speed at which flexural waves propagate towards the propulsor 
trailing edge, thereby suppressing the wave reflection. The attenuation of flexural 
waves due to a smooth spatial variation of structure properties accompanied by 
dissipation is referred to as the acoustic black hole. We show that thickness tapering 
indeed causes the acoustic black hole effect that minimizes the wave reflection and 
promotes the development of the traveling flexural waves enhancing the propulsor 
hydrodynamic performance. We quantify the performance in terms of the 
hydrodynamic thrust and efficiency and compare propulsors with different thickness 
tapering profiles. We demonstrate that tapered elastic propulsors drastically 
outperform elastic propulsors with uniform thickness. The enhanced hydrodynamic 
performance is directly linked to the ability of the tapered propulsors to generate 
traveling waves with a large amplitude displacement at the trailing edge enabling more 
efficient fluid transport by the propulsors. The results have implications for the 
development of highly efficient bio-mimetic robotic swimmers and, more generally, 
enhance our understanding of fish locomotion. 

a
Woodruff School of Mechanical Engineering, Georgia Institute of Technology, Atlanta, GA, USA

b
Guggenheim School of Aerospace Engineering, Georgia Institute of Technology, Atlanta, GA, USA 
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Unsteady propulsion of flapping plates near a free surface 

Kaiyuan Zhenga,b, Sida Hec, Lian Shenc and Xiaojue Zhua 

Many flying and swimming animals are known to take advantage of the ground effect 
to improve their propulsive performance, for example gliding pelicans, flying fish, 
steelhead trout. The ‘ground’ here can be classified into two categories, solid boundary, 
and free surface. However, our understanding is still mostly restricted to how a solid 
boundary can impact the bio-locomotion, as shown in various studies. In contrast, 
little is known about the ground effect of a free surface. In this study, propulsion 
performance of a flapping plate under different conditions (Froude number, Strouhal 
number, Submerged depth) is investigated numerically near a free surface. For the 
cases with a low Froude number 0.2, as expected, the effects of a free surface are very 
similar to that of a solid boundary, i.e., there is an equilibrium submerged depth where 
the lift is zero and the thrust is enhanced while the efficiency is almost the same. For 
the cases with a medium Froude number 0.4, the free surface induces more 
streamlined flow around the flapping plate, and when the equilibrium submerged 
depth is achieved, both the efficiency and the thrust can be greatly enhanced.   

a
Max Planck Institute for Solar System Research, Göttingen 37077, Germany 

  b
Ocean College, Zhejiang University, Zhoushan 316021, Zhejiang, China 

c Department of Mechanical Engineering and St. Anthony Falls Laboratory, University of Minnesota,

Minnesota 55455, USA 

146



Experimental optimisation of flapping transition for a
bio-inspired swimmer

G. Raynaud*, E. Tytell�and K. Mulleners∗

Fish perform high acceleration and manoeuvres to escape predatory strikes and sur-
vive. Bio-inspired swimming robots seek efficient and effective strategies to replicate
such changes from cruising to escaping. We used a genetic algorithm to find the opti-
mal transition kinematic from an energy efficient to a high thrust generating flapping.

Our experimental set-up consists of a flexible tapered foil that is subjected to a
periodic heaving motion in a rectangular water tank (Figure 1a). A loadcell fixed at
the root measures thrust and power for various motions. Overall, the thrust increases
with increasing heaving amplitude and frequency (Figure 1b). This performance map
represents only periodic states. Effective unsteady changes between two periodic flap-
ping modes are crucial to quickly reach new swimming velocities. An illustrative path
of an unsteady transition is depicted with the blue solid line in Figure 1b.

Transition kinematics are described with time-varying amplitude and frequency.
Discretisation is performed with control points as depicted in Figure 1c. The transi-
tion duration and phase shift are tuned by the optimisation algorithm. Two objective
functions are computed for each run: (1) the duration required for the unsteady
thrust to reach the final level in the target region and (2) the input energy during
the transition. Optimal solutions that minimise these two objectives are examined
along the Pareto front and compared with an abrupt transition. Understanding the
conditions of optimal unsteady reactions paves the way for more autonomous, robust
and long-lasting robots.

(a) (b) (c)

Figure 1: (a) Flexible foil and loadcell. (b) Thrust (N) as a function of dimension-
less flapping frequency and amplitude. (c) Illustration of transition parametrisation
y(t) = A(t) sin

(
2πf(t)t+ φ0

)
performed using 2 control points for amplitude A(t) and

frequency f(t) signals.

*Unsteady flow diagnostics laboratory, STI, EPFL, 1015 Lausanne, Switzerland
�Department of Biology, Tufts University, Medford, MA 02155, USA
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Performance of a biomimetic anguilliform robot behind a leading 
swimmer 

A. Anastasiadisa,c, E.D. Tytellb, A. J. Ijspeert c and K. Mullenersa

Fish of different species form schools that provide hydrodynamic advantages and 
improve the individual’s and the group’s swimming efficiency. Fishes tune their 
swimming kinematics and the relative positioning within the school, depending on the 
flow conditions to reduce their power consumption. We are interested in exploring 
the hydrodynamics that enhance the swimming performance in collaborative 
swimming. 

To address this problem experimentally, we use a simple configuration of a single 
pair of swimmers, one leading the other. We place a biomimetic anguilliform robot in 
fixed positions inside the wake of an oscillating pitching airfoil (Figure 1a). The airfoil 
oscillates to create a thrust wake consisted of alternating vortices that simulate a 
leading swimmer’s wake. The position of the airfoil with respect to the robot is 
systematically varied. The performance of the follower is measured for each 
configuration to create a swimming performance map. Our robot (Figure 1b) can 
provide accurate kinematic control and energy consumption information that, 
combined with streamwise force measurements, result in a complete evaluation of the 
swimming performance.  

We expect to provide insight into the relationship between the distance, the phase 
difference, and the undulatory kinematics of our robot. We plan to highlight the 
proper interaction between the robot and the oncoming vortices playing an important 
role in the swimming’s efficiency enhancement. Results are expected to indicate a 
globally optimum parameter set. Finally, our study aids to develop sensing methods 
that will enable the bio-inspired robot to position itself optimally in the wake of an 
upstream swimmer. 

Figure 1: (a) Experimental set-up: The airfoil creates vorticity governed wake inside which the 
robot swims. (b) Biomimetic robot “1-guilla” inside a waterproof suit. 

a UNFoLD laboratory, School of Engineering, EPFL, Lausanne, Switzerland
b Department of Biology, Tufts University, Medford, MA, USA 
c BioRob laboratory, School of Engineering, EPFL, Lausanne, Switzerland
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Secondary structures in the axisymmetric wake behind of low 
aspect-ratio wall-mounted prisms 

Shubham Goswamia and Arman Hemmatia

The wake of wall-mounted finite prism is numerically studies and characterized with 
aspect-ratio (height-to-width) of 1 and varying depth-ratios (length-to-width) between 
0.016 and 4, at Reynolds number of 50 – 5001. The minimum depth-ratio considered 
here accounts for the special case of a wall-mounted thin flat plate, which is used to 
establish the mechanism and evolution of wake associated with the free-end effects 
and shear-layer dynamics in small aspect-ratio prisms2. The onset of unsteady wake 
occurs for the wall-mounted thin flat plate at Reynolds number of 190, characterized 
by an axisymmetric shedding of hairpin-like structures. A unique non-axisymmetric 
wake pattern appears at low depth-ratios starting at Re of 250, which transitions to an 
axisymmetric wake and steady wake with subsequent increase in depth-ratio2. Non-
axisymmetric wake distortions about the mid-planar axis leads to (spanwise) tilting of 
shed structures. The non-axisymmetric wake results from alternate shear-layer “peel-
off” from either side of the prism. This itself is attributed to the out-of-phase 
shedding of tip-vortices at a lower Strouhal number (Stsh/2) that interact with the 
detaching side shear layers. Alternate shedding of tip-vortices from secondary vortex 
structures that are fed by the excess vorticity facilitate shear-layer detachment from 
either side of the prism. This influx of vorticity enables their interaction with the 
separating shear-layer from prism top-surface, which forms the head of hairpin-like 
structures upon detachment from the body. Thus, there is an induced flow affecting 
the separating structures on either side, which leads to non-axisymmetric vortex 
shedding. Increasing the depth-ratio leads to simultaneous shedding of tip-vortices, 
which restores the commonly observed axisymmetric wake patterns1. Thus, we 
identify and characterize the mechanisms of secondary structures in the wake. 

(a) (b) 

Fig. 1: Vortex structures in the wake of (a) DR=0.016 and (b) 0.1, using Q* = 6 × 10-6. 

a
Department of Mechanical Engineering, University of Alberta, Edmonton, AB – T6G 2R3, Canada 

1 Zargar et al. (2021) Coherent structures in the wake of a long wall-mounted prism at large incident 
angles, Phys. Rev. Fluids 6, 034603.

2 Goswami & Hemmati (2022) Mechanisms of wake axisymmetry and secondary structures behind low 
aspect ratio wall mounted prisms, J. Fluid Mech.  (Under-review).
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Wake Growth in Arrays of Undulated Cylinders 

Ondřej Ferčáka, Zein Sadeka, Christin T. Murphyb, Jennifer A. Franckc, 
and Raúl Bayoán Cala 

Fluid flow over simple cylinders has been well characterized through experimentation 
and simulation. However, these complex seal whisker-inspired undulated cylinder 
investigations have been limited to biological studies, single cylinder simulations, or 
single cylinder visualization experiments. The present study investigates the wake 
interactions between an array of three undulated cylinders in varying spatial 
orientations, including geometric phase alignment of the cylinder undulations. Further, 
the drag and lift components of each cylinder were measured at each spatial 
orientation using load-cell sensors. The undulated cylinders were 3D printed using a 
high-resolution fused deposition modelling (FDM) printer and scaled up to a mean 
chord length (C) of 3.36 cm, a mean thickness of 1.75 cm, and a length (L) of 60 cm. 
Acetone vapor smoothing was used to smooth the ABS surface. The specimens were 
mounted onto a modular grid with 1C incremental spacing and placed into a 5 m long 
wind tunnel with 1.2 m width and 0.8 m height. Stereo particle image velocimitry 
(PIV) was used to visualize the spanwise plane directly behind the cylinder array at 
increments of the mean chord length, C, with a corresponding Reynolds number 
above 10,000. An ensemble average was generated using 3,000 images per plane to 
visualize the behaviour of the wakes far down stream. The results of the analysis may 
be applied to a variety of column structures requiring reduced wake growth designs. 

a Dep. of Mechanical & Materials Engineering, Portland State University, Portland, OR 97207, USA 
b Naval Undersea Warfare Center, Newport, RI, United States of America 
c Dep. of Engineering Physics, University of Wisconsin–Madison, Madison, WI, USA 
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Dynamics of Wind, Waves, and Wakes in a Floating Offshore 
Wind Farm 

Zein Sadeka, Ondřej Ferčáka, Manuel Ayalab, Charles Meneveaub, -

Dennice Gaymeb, and Raúl Bayoán Cala 

The coastal U.S. is estimated 
to contain enough potential wind 
energy to exceed its net electricity 
demand. Floating offshore 
turbines are designed for the 
deep-water settings, where fixing 
to the seabed is not feasible. With 
much of the western coastal U.S. 
containing deep water conditions 
(>60 m), development of floating 
offshore technology is needed to 
exploit this resource. Mooring 
systems introduce additional 
dynamics between ocean waves 
and turbine generated wakes. 
Floating turbines are now subject 
to hydrodynamic forcing by passing ocean waves, phasing the assembly through 
positive/negative pitch. This leads to controls opportunities which can be leveraged to 
optimize power generation across an array. 

In this work, we analyse experimental data being obtained at the Portland State 
University (PSU) Wind Energy and Turbulence (WET) lab. Data are generated in a 
closed-circuit wind tunnel, complemented by a wave tank and a time resolving Particle 
Image Velocimetry (TR-PIV) system (Fig.1). A 3x4 floating offshore wind farm installed 
in the wave tank with spanwise and streamwise spacings of two and six rotor diameters, 
respectively, will be used for the measurements. Series of vertical-transverse TR-PIV 
planes will be taken of a single inner-array turbine at increasing downstream locations. 
Results will be used to calculate time-averaged turbulence statistics and quantify the 
effects of hydrodynamic forcing through phase-averaging of wave position. 
Consideration of the momentum balance will provide further insight to the coupling 
between the observed phenomena. This work will provide a fundamental understanding 
of how coupled wind, wave, and wake dynamics influence floating offshore wind plant 
performance, and provide data for comparisons with concurrent LES studies that use a 
novel surface gradient wall model that accounts for moving bottom surfaces by 
modifying the surface stress in a time-varying fashion. 

a Dep. of Mechanical & Materials Engineering, Portland State University, Portland, OR 97207, USA 
b Whiting School of Engineering, Johns Hopkins University, Baltimore, MD 21218, USA 

Figure 1: Photo of the Portland State University 
wind tunnel with offshore wind farm, followed by 

schematic of the experimental setup. 
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Turbulence cascade in non-homogeneous turbulence

F. Alves Portelaa and J. C. Vassilicosa

We use direct numerical simulations to study the turbulence cascade in spatially 
developing planar wakes; these are generated by immersing pairs of square prisms in a 

uniform flow at 𝑅𝑒∞ = 5000. In this work, two gap ratios (i.e. distance between the
prisms normalised by their size) of G/H=1.25 and G/H=2.4 are considered, resulting 
in qualitatively different flows (see fig. 1). 

In both configurations, we find that the scaling of the normalised turbulent 

dissipation Cε = εℒ/𝒰3 ∝ Reλ
−p holds along the whole breadth of the wake (with p ≈

1.3 and p ≈ 1.5 for G/H=1.25 and G/H=2.4, respectively), in tandem with broad -
5/3 power laws of the velocity spectra in the frequency domain. Contrasting both 
configurations in terms of the one-point turbulent kinetic energy budget reveals that the 
smaller gap ratio gives rise to a much more active turbulence where turbulent transport, 
pressure diffusion and production are even more prominent. 

These results present an ideal scenario for assessing the recently derived theory of 
inhomogeneous turbulence1 which retrieves the classical2 2/3 power law for the second 
order structure function (itself related to the -5/3 spectral power law) by explicitly 

accounting for inhomogeneity in the turbulence and the spatial dependency of Cε. We 
do this by computing all terms involved in the budget equations for the second-order 
structure functions, which fully characterise the inhomogeneous and anisotropic 
turbulent cascade. As such, the present contribution provides a direct assessment of the 
different mechanisms involved in the scale-by-scale energy exchanges in these two 
planar wakes, highlighting the effects of inhomogeneity and large-scale coherence. 
Preliminary results reveal that the inhomogeneous collapse of the second order 
structure functions of streamwise velocity is more successful for G/H=2.4 than for 
G/H=1.25, precisely where the rate of inter-scale transfer is approximately constant 

and close to  ε, as predicted by the theory even where inter-space transport and 
pressure-velocity correlations are not negligible. 

Figure 1 Contour maps of instantaneous dissipation (logarithmic scale) for G/H=1.25 (left) and 
2.4 (right). The large-scale coherent structures are substantially different in both flows, leading 
to different organisation of the turbulence and associated dissipation. 

a
Univ. Lille, CNRS, ONERA, Arts et Metiers Institute of Technology, Centrale Lille, UMR 9014 - 

LMFL - Laboratoire de Mécanique des Fluides de Lille - Kampé de Fériet, F-59000 Lille, France
1 Chen and Vassilicos, J. of Fluid Mech. 938, A7 (2022). 
2 Kolmogorov, Dokl. Akad. Nauk. SSSR. 32 (1941).
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Evolution of intense vortices in non-classical turbulence 

A. A. Ghiraa and C. B. da Silvaa 

The statistics of the intense vorticity structures (IVS)1 is analysed in unbalanced 
(non-classical) turbulence by means of direct numerical simulations (DNS)2, with 

Reynolds numbers between 180 ≤ Reλ ≤ 360. The non-equilibrium is achieved by 
suddenly turning off/on the power input of an input forcing power in DNS of 
homogeneous isotropic turbulence (HIT). When this occurs, the non-dimensional 

dissipation exhibits a power law with 𝐶ϵ ∼ 𝑅𝑒λ
−1.2 (Figure 1a), typical of non-

equilibrium turbulence3, where the turbulent kinetic energy and dissipation show time 
lags, evidencing the separation between the large and small scales of motion in 
'unbalanced' turbulence. Consequently, the radius of the IVS normalised with the local 
Kolmogorov scale varies with time (Figure 1b) because a given perturbation needs 
time to flow all the way down through the energy cascade towards the small-scales. In 
contrast, the tangential velocity of the IVS is affected at once, when the power input is 
varied (not shown). By analysing the radius, tangential velocity, vorticity magnitude, 
circulation and local Reynolds number it turns out that the statistics of the IVS that 
are mainly governed by the local flow structure are relatively insensitive to changes in 
the large scales of motion and are essentially similar in classical and non-equilibrium 
turbulence. However, those characteristics involving non-local flow dynamics are 
strongly affected and are clearly different in non-equilibrium turbulence. More details 

are given in4.

a 
Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais 1049-001, Lisboa, Portugal 

1 
Jiménez and Wray, J. Fluid Mech., 373, 255 (1998)

2 Zecchetto and Silva, J. Fluid Mech., 916, A9 (2021)
3 

Vassilicos, Annual Review of Fluid Mechanics, 47, (2014)
4 

Ghira et al., (submitted to Physical Review Fluids) 

Figure 1: Evolution (non-equilibrium) isotropic turbulence: (a) Variation of the normalised 

dissipation rate; (b) Temporal evolution of the mean radius of the intense vorticity structures. 
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Turbulent/non-turbulent interfaces in non-equilibrium turbulence 

M. Zecchettoa, T. Watanabeb, K. Nagatab and C. B. da Silvaa

Direct numerical simulations (DNS) of turbulent fronts created by non-equilibrium 
(unbalanced) turbulence are used to assess the characteristics of the turbulent/non-
turbulent interface (TNTI) that separates regions of turbulent from non-turbulent (or 
irrotational) flow. The goal of the present work is to assess the effects of non-
equilibrium turbulence in the characteristics of the turbulent/non-turbulence interface 
layer that divides many flow fields e.g., jets, into an irrotational (or non-turbulent) and 
a turbulent region. For this purpose, several simulations of turbulent fronts are carried 
out, where the turbulent core region is in an unbalanced (non-equilibrium) state. The 

non-dimensional dissipation 𝐶𝜀 evolves with the time, from the typical value of 𝐶𝜀   ≈
0.5 from forced isotropic turbulence until 𝐶𝜀   ≈ 1.0, typical of free decaying
turbulence1. During this time the non-dimensional dissipation exhibits the power law 

𝐶𝜀  ~ 𝑅𝑒𝜆
−1.2 typical of non-equilibrium turbulence (figure 1-a).

The normalisation of the conditional enstrophy profiles using the procedure 
outlined in Zecchetto and da Silva2 is shown in figure 1-b. In that paper it has been 
shown that the shape of the conditional enstrophy, when normalised with the local 
Kolmogorov velocity and time scales, is universal i.e. equal in all flows. The same shape 
is recovered here for the times corresponding to equilibrium turbulence, but not in the 
first instants where the turbulence within the turbulent core region is in non-
equilibrium. This shows that the main features of this interface remain unchanged. In 
particular, the mean thickness of the TNTI is equal in classical or non-equilibrium 
turbulence i.e. it scales with the Kolmogorov micro-scale as previously observed at high 
Reynolds numbers. 

a 
LASEF, IDMEC, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1, Lisboa 

1049-001, Portugal. 
b 

Department of Aerospace Engineering, Nagoya University, Nagoya, 464-8603 Japan.
1 Vassilicos, Annu. Rev. Fluid Mech. 47, 95-114 (2015). 
2 Zecchetto and da Silva, J. Fluid Mech. 916, A9 (2021).

Figure 1: (a) Evolution of the non-dimensional dissipation rate with time in decaying 
isotropic turbulence and shear free turbulence; (b) conditional mean enstrophy profiles 
in relation to the distance from the TNTI normalised by the local Kolmogorov scale 
during the evolution of shear free turbulence. 

(a) (b) 
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Effects of Leading-Edge Receptivity on Frequency Selection of Tonal 

Feedback-Loop Noise in Blasius Boundary Layer

A. Inasawaa, T. Aboa and M. Asaia

When a two-dimensional protuberance or surface inperfection as high as boundary-
layer thickness exists in an unstable laminar boundary layer, a feedback-loop 
mechanism sets in between the leading-edge region and the protuberance/ 
inperfection location to generate tonal noise1-4 not unlike trailing-edge noise of airfoil 
except that onset of tonal feedback noise can be controlled by the protuberance 
height. This paper examined generation of tonal feedback noise in a flat-plate (Blasius) 
boundary layer experimentally, focusing on effects of the leading edge receptivity on 
the frequency selection of multiple discrete tones in the feedback-loop. Experiments 
were conducted using boundary-layer plates with a sharp (knife-edge-like) leading edge 
and 1:20-ellipse nose with various nose thickneses in a low noise and low turbulence 
wind tunnel. The frequency of discrete tone giving the maximum sound pressure level 
as well as its step-like variation with the free-stream velocity (which was often cited as 
the laddder structure) could be well predicted using the branch-I receptivity 
coefficient and N-factors of boundary-layer instability. The frequency interval of 
multiple discrete tones was in good agreement with that predicted from the classical 
feedback-loop model assuming that Tollmien-Schlichting wave packets generated at 
the leading edge propagated at a group velocity averaged over the feedback distance 
for the case of sharp leading edge. For the elliptic nose case, on the other hand, the 
receptivity at two locations, that is, the leadig edge and the junction of the elliptic nose 
and flat-plate controlled the feedback phenomenon and thus the receptivity at either 
or both locations could affect the selection of multiple discrete tones (see Fig. 1).  

Figure 1 Power spectra of sound pressure level of tonal feedback-noise from 
protuberance in laminar boundary-layer. Black and blue correspond to the results for 
knife-edge-like and 1:20-elliptic leading-edge cases, respectively. 

a
Dept. of Aeronautics and Astronautics, Tokyo Metropolitan Univ., Hino, Tokyo 191-0065, Japan 

1 Wu and Hogg, J. Fluid Mech. 550, 307-347 (2006).
2 Kobayashi, et al., Phys. Fluids 26, 084108 (2014)
3 Abo, et al., Euro. J. Mech. B/Fluids, 76, 233-242 (2019).
4 Abo, et al., Euro. J. Mech. B/Fluids, 85, 46-57 (2021).

30

40

50

60

70

80

90

400 600 800 1000 1200

S
P

L
 (

d
B

)

f (Hz)

159



Experimental characterization of  the aerodynamic stall noise on a 
static airfoil by synchronous PIV and microphone array 

measurements

L. Sicarda, D. Rausa, R. Monchauxa, B. Cottea

and E. Jondeaub 

Despite strong activity in the wind power sector in recent years, the development of  
wind farms has been slowed down by the risk of  noise disturbance reported by 
residents. This inconvenience is often linked to the nature of  the sound signal which, 
depending on the weather conditions, may include amplitude modulations caused by 
the appearance of  intermittent phenomena such as dynamic stall1. The present work 
focusing on static stall noise is a first step toward the longstanding goal of  
characterizing dynamic stall noise on wind turbine blades. The objective is to identify 
the sound sources within the flow during the different stages of  static stall, and to 
quantify their acoustic contribution. For this, synchronized aerodynamic and acoustic 
measurements were carried out in an anechoic wind tunnel using different angles of  
attack on a NACA63418 airfoil at a chord-based Reynolds number of  4.105. The 
velocity field of  the flow is measured in a plane by time-resolved PIV while the 
radiated acoustic field is measured simultaneously by a microphone array. Analysis of  
the far-field acoustic power density spectrum revealed the presence of  two known 
acoustic regimes: the light stall noise associated with a partial separation of  the 
boundary layer, and the deep stall noise associated with a complete separation of  the 
boundary layer2. PIV measurements are studied by Spectral Proper Orthogonal 
Decomposition3 (SPOD) allowing us to identify the coherent structures at each 
characteristic frequency of  the radiated sound for several stages of  the boundary layer 
separation. The main result presented here, is the spatial distribution of  aeroacoustic 
sources for these two regimes. This work improves the understanding of  the noise 
generation mechanism by static stall and enables us to better anticipate the study of  
dynamic stall noise. The originality of  this work lies in the application of  SPOD to 
static stall analysis, and the use of  the NACA63418 airfoil that is less used than the 
symmetric NACA0012 while being more relevant to wind turbine applications. 

a
Unité de mécanique, Ecole Nationale Supérieure des Techniques Avancées de Paris, 828 bd des 

Maréchaux, 91762 Palaiseau Cedex, France
b

Laboratoire de mécanique des fluides et d’acoustique de Lyon, 36 avenue Guy de Collongue, 69134 

Ecully Cedex 91762, France 

1 Oerlemans, International Journal of Aeroacoustics 14, 715 (2015).
2 Raus, Cotté et al., Conference paper, AIAA AVIATION 2021.
3 Towne, Schmidt et al., J. Fluid Mech. 847, 821 (2018).
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Sound from oscillations of a bubble entrapped by drop impact 
on an immiscible pool 

Zi Qiang Yanga, Yuan Si Tiana,b, and S. T. Thoroddsena 

When a drop impacts onto a liquid pool under certain conditions, bubble can be 
pinched off from the dimple forming at the bottom of the rebounding crater1. This 
process is related to the underwater sound produced by rain2. Herein we study sound 
emission from such bubbles, when the drop and pool are of different immiscible liquids3. 
To accurately capture the rapid shape evolution, we need frame rates as high as 5 
million fps. The intricate crater shapes, which include a cascade of dimples, induce 
interesting scenarios like double bubbles pinch-offs. We connect the phase of the bubble 
oscillation to the acoustic signal and confirm that the onset of sound generation is at 
the instant of neck pinch-off. The dynamic process of bubble oscillation is analyzed 
from the audio signal and we find good agreement with the Minnaert frequency when 
using the fluid properties of the drop. This applies reasonably well even for very small 
bubbles where the frequency ∼ 100 kHz. 

aDivision of Physical Sciense and Engineering, King Abdullah University of Science and 
Technology (KAUST), Thuwal 23955-6900, Saudi Arabia 

bSchool of Construction Machinery, Chang’an University, Xi’an, 710064, China 
1Pumphrey H. C. & Elmore P. A., J. Fluid Mech. 220, 539 (1990).
2Prosperetti, A. & Oguz, H. N., Annu. Rev. Fluid Mech. 25, 577 (1993).
3Yang, Tian & Thoroddsen, J. Fluid Mech. 904, (2020).

Figure 1: Two bubble pinch off from the retracted air cylinder. (a) Hydrophone signals for a PP1 drop 
impacting a water pool. The red arrow marks the pinch off time. (b) Zoom of double pinch-off region and the 
delay time is 11 µs. (c) Image sequence of double bubble pinch-off. The red arrows note the two neck pinch-
offs of the dimple. Scale bar is 200 µm. 
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Comparison of airfoil-self noise prediction models 

J. Knoblaucha, J. Therona and G. Grecob

Wind energy is an important contributor to renewable energy generation. However, 

emitted noise is a major limitation factor in possible erection sites. Therefore, it is 

important to develop noise prediction tools and models that can assist engineers to 

investigate low-noise airfoil designs.  

Existing methods, like the semi-empirical model of Brooks, Pope & Marcolini -model1 

(BPM) are computationally fast, but imprecise for some cases. High fidelity methods 

based on hybrid computational aeroacoustics can be used in an adaptable way, but 

these are very time- and cost-expensive.  

This work discusses the limits of several acoustic prediction methods for wind energy 

applications. These includes the classic BPM model, coupled Reynolds Averaged 

Navier Stokes (RANS)-BPM approach and a higher fidelity method (detached eddy 

simulation coupled with Curle- and Ffowcs-Williams Hawkings acoustic analogies). 

As an initial investigation, aerodynamic data is extracted from RANS simulations and 

validated with experimental data2 from the BANC3 workshop. Good agreement has 

been found with the boundary layer velocity profile at the trailing edge of a 

NACA0012 airfoil at Re=1.5e6 (figure 1a). In figure 1b) the calculated displacement 

thickness from figure 1a) is used for the CFD-BPM approach and compared with the 

classical BPM model and experimental data. 

a)                                                           b) 

Figure 1: NACA0012 airfoil ( =56m/s) predictions (a) Trailing edge velocity from 

RANS (-) and experiment3 (□) (b) Acoustic prediction with BPM (x), BPM with boundary layer

thickness from RANS (x) and experiment3 for =60m/s (□) and =50m/s (x) 

a
Fraunhofer Institute for Wind Energy Systems, 26129 Oldenburg, Germany 

b
Institute for Acoustic, TU Braunschweig, 38106 Braunschweig, Germany 

1 Brooks et al, National Aeronautics and Space Administration, (1989) 
2 Herrig, Faculty of Aerospace Engineering and Geodesy of the Universität Stuttgart (2012) 
3 Herr et al, 19th AIAA/CEAS Aeroacoustics Conference (2013)
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Shape optimisation of a short circular hole with bias flow for 
optimal acoustic absorption 

J.Guzmán-Iñigo and A. S. Morgansa

Short circular holes with a mean bias flow passing through them can absorb or generate 
acoustic energy. This property is relevant for many industrial applications such as 
acoustic liners and Helmholtz resonators in gas turbines. For many of these 
applications, it is desirable to maximise the acoustic energy absorbed by the perforations 
without increasing the mean pressure drop across them. A recent studyb used a semi-
analytical acoustic model to show that the acoustic response of such perforations could 
be strongly sensitive to small geometrical modifications of the lips of the perforation.  

In this work, we will explore systematically the effect of the geometry of the perforation 
on its acoustic response using numerical simulations. To this end, we will use the 
approach proposed by Kierkegaard et al.c based on a linearisation of the Navier-Stokes 
equations (LNSE) around a turbulent mean flow. The linear system of equations will be 
solved in the frequency domain. This methodology is highly efficient and will be 
combined in a second step with an adjoint-based shape optimisation algorithmd to find 
the geometry that maximises the acoustic energy absorbed by the perforations without 
increasing the mean pressure losses. 

a Dept. Mechanical Engineering, Imperial College London 
b J. Guzman-Inigo et al., AIAA J. 57, 4835 (2019)
c A. Kierkegaard et al., J. Sound Vib. 331, 1068 (2011)
d V. Kungurtsev and M. P. Juniper, J. Fluid Mech. 871, 113 (2019).
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Shock waves transmission through gelatin gel with bubbles

Siew-Wan Ohla,b, Juan Manuel Rossellóa, Daniel Fusterc,d and
Claus-Dieter Ohla

Sound waves traveling through a bubbly liquid has a lower velocity than the same
waves through the pure liquid or through the gas in the bubbles. In this study we
demonstrate how the increase in void fraction changes the amplitude and speed of a
shock wave that moves through the medium. The shock wave is generated using a
piezoelectric driven lithotripter in a water bath. The void fraction in the gelatin gel is
varied by allowing the bubbles generated from the first shock wave to grow in size
over time. It is observed in the experiments that the wave speed reduces from 1650
±35 m/s in pure gelatin gel (void fraction = 0) to 284 ± 64 m/s in gel with void
fraction of approximately 1.1%. Corresponding reduction of shock wave amplitudes
with increasing void fraction is also recorded using a hydrophone. It is found that the
shock pressure decreases from 100 bar in pure gelatin gel to about 10 bar with void
fraction about 0.4%. To understand the pheomena observed, Direct Numerical
Simulation (DNS) is performed where a pressure pulse is made to propagate through
a mono-dispersed line of bubbles. It is shown that the high frequency component of
the waves quickly vanishes. The low frequency part of the wave, however, remains
and is transmitted by the collapsing bubbles. We characterize this nonlinear wave
propagation from the collapsing bubbles and the wave velocity in the linear regime
using a Mach number, Ma = c−1(∆p/ρ)1 2, which is defined as the ratio between
the collapse velocity of the bubble and the Wood’s speed of sound. It is concluded
that there are two limiting regimes: the low frequency limit (Ma ≤ 0.1) where the
wave velocity is given by the Wood’s limit [1] (Eq. (1)), and the high frequency
limit (Ma ≈ 1.0) where the shock wave propagates at its speed in pure liquid [2]
(Eq. 2). It is shown in Figure 1 that the experimental results agree well with the
DNS simulations despite of the later’s simplification.

a Department of Soft Matter, Institute of Physics & Faculty of Natural Sciences, Otto-von-Guericke
Universität Magdeburg, Magdeburg, Germany.

b Research Campus STIMULATE, , Otto-von-Guericke Universität Magdeburg, Magdeburg,
Germany.

c Centre national de la recherche scientifique (CNRS), Paris France
d Institut Jean Le Rond D'Alembert, Sorbonne Université, Paris, France.

Figure 1 Collected shock wave velocities for the
4%, 6%, and 8% gelatin(gelatin granule percentage
by weight) as a function of void fraction. The graph
is compared to the acoustic speed in [1] and [2] ,
and the DNS results.
Reference:
[1] Wood, AB 1941 A textbook of sound: Bell.
London
[2] Campbell, Io J & Pitcher, AS 1958 Shock waves
in a liquid containing gas bubbles. Proc.the Royal
Society of London. Series A. Mathematical and
Physical Sciences 243 (1235), 534–545
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Wave drag and Vorticity in viscous and inviscid flow 

M. Minervinoa,b and R. Tognaccinib

Far-field formulations of the dynamic force exerted by a fluid on a body in relative 
motion are valuable from both theoretical and applicative points of view as they may 
provide physical information on the force genesis not directly available from surface 
stress integration. Methods based on a thermodynamic approach to drag 
decomposition have been developed in early 20’s and are nowadays well assessed and 
widely used in applications. More recently, methods based on flow vorticity and Lamb 
vector integration gained research focus allowing for a far-field formulation and 
decomposition of the whole aerodynamic force (lift and drag) with identification of 
local flow structures associated with the force generation1,2. 

However, an aerodynamic force decomposition into physical constituents with 
vorticity-based methods is still an open research topic, especially in the context of 
high Reynolds number and turbulent flow regimes. In particular the separation 
between viscous and wave drag contributions by Lamb vector field analysis is still 
questioned3. 

In order to verify the possibility to provide a direct definition of wave drag in 
terms of vorticity, the effectively inviscid flow around an airfoil is first studied being, 
in this case, the only drag contribution. Then, the study is completed by a viscous high 
Reynolds number analysis. In both cases, comparison is provided against wave drag 
predictions obtained using consolidated thermodynamics-based methods. Figure 1 
illustrates regions of the flow field where drag, computed by Lamb vector integration, 
is significantly generated in a steady two-dimensional transonic inviscid flow. A 
contribution of flow vorticity is clearly visible in the wake downstream of the curved 
shock wave and in the shear wake downstream of the airfoil trailing edge, the latter 
originated by the difference in flow total pressure past shock waves on airfoil suction 
and pressure sides, in the case of a non-symmetric flow field. 

a Fluid Mechanics unit, CIRA S.C.p.A. - the Italian Aerospace Research Centre, Capua (CE), ITALY 
b Dep. Industrial Engineering, University of Naples “Federico II”, 80125 Napoli (NA), ITALY 
1 Mele and Tognaccini., Physics of Fluids 26, 056104 (2014).
2 Kang et al., AIAA Journal 57, 4623 (2019).
3 Fournis et al., AIAA Journal 59, 34 (2021).

Figure 1: Local drag coefficient in Lamb vector based integration (effectively inviscid flow 

simulation of NACA0012 aerofoil at M=0.8 and α=1.25°) 
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Numerical study of the influence of external disturbances on the 
development of leading edge dynamic stall 

J. S. Kerna, P. S. Negib, A. Hanifia and D. S. Henningsona

The influence of background disturbances on the inception and development of 

leading edge dynamic stall on a NACA0009 aerofoil at Re = 2.0 ∙ 105 undergoing a 
constant rate pitch-up motion from steady state at 8° angle of attack is investigated 
using well-resolved large-eddy simulations (LES) carried out with the open-source 
spectral-element code Nek5000b with a numerical approach similar to Negi et al.c The 
onset of dynamic stall in thin aerofoils is due to the sudden bursting of the laminar 
separation bubble (LSB) with turbulent reattachment that exists close to the leading 
edge for a large range of angles of attackd. LSBs are known to be sensitive to both 
upstream disturbances which are strongly amplifiede while also harbouring self-excited 
instabilitiesf. Nevertheless, many simulations do not include freestream disturbances. 
This study investigates the effect of velocity fluctuations generated by a broadband 
noise body force upstream of the LSB with an amplitude of 0.02 - 0.2% U∞ at the 
leading edge on the behaviour of the LSB that lead to large differences in the dynamic 
stall (see Figure 1). The particular focus is on the development of the bubble bursting 
and the bubble’s dynamic response to the external forcing. Local linear stability 
analyses will be performed on the spanwise averaged instantaneous velocity profiles in 
the LSB to elucidate whether changes in the stability characteristics can be linked to 
the onset of dynamic stall and how these are influenced by the external forcing. 

Figure 1: Space-time plot of the wall-shear stress on the suction side of the aerofoil during 

pitch-up with low (a) and high (b) background disturbance levels. Flow is from left to right. 

a  FLOW, Dep. Engineering Mechanics, KTH Royal Institute of Technology, Stockholm, SE-100 44 
b  Nordita, Stockholm University and KTH Royal Institute of Technology, Stockholm, SE-106 91  
1  P. F. Fischer et al., Nek5000 webpage, 2008. 
c  P. Negi et al., International Journal of Heat and Fluid Flow, 71, 378 (2018)
d  S. I. Benton & M. R. Visbal, J. Fluid Mech., 861, 860-885 (2019)
e  O. Marxen & D. S. Henningson, J. Fluid Mech., 671, 1-33 (2011)
f  D. Rodriguez et al., J. Fluid Mech., 906 (2020)

168



Experimental investigation of the pressure field and loads on a 
harmonically pitching airfoil undergoing dynamic stall 

Jibu Josea, Yuhui Lua, and Joseph Katza 

Dynamic stall is an unsteady flow phenomenon that occurs as angle of attack of an 
airfoil is increased rapidly beyond the static stall angle, resulting in a phase lag between 
the flow structures and the motion of the foil. To study the effect of reduced frequency 
and Reynolds number on dynamic stall, experiments were performed on a harmonically 
pitching NACA 0015 airfoil with a chord length of 50mm and span of 189mm. The 
JHU refractive index matched water tunnel facilitated time resolved stereo-PIV 
measurements at midchord, with unobstructed optical access on both sides of the 
airfoil. The reduced frequency (k) was varied between 0.047-1.571 and the Reynold 
number (Re) ranged from 13,600-136,000. The airfoil was sinusoidally oscillated 
between 5o and 25o

 and PIV data have been acquired at 250-1250Hz with a vector 
spacing of 331μm, for 24 different test cases. The pressure field around the airfoil was 
computed from the time resolved PIV velocity field using the in-house, 2D/3D, GPU 
based, parallel line, omni directional integration of the material acceleration1. The effect 
of vicosity was neglected due to lack of resolution near the boundary layer, and the 
mean pressure was set to zero. The instantaneous pressure calculations were performed 
assuming a 2D flow, although the spanwise component of the flow did indicate 
significant effect during flow seperation events. Material accaleration was obtained 
using pseudo-Lagrangian method1. The instantaneous aerodynamic loads and moments 
acting on the airfoil were calculated by surface integration of pressure fields around the 
airfoil. 

The velocity and pressure fields showed the existence of a phase lag in the 
development of suction side flow structures during upstroke and downstroke. The 
formation, detachment and migration of the leading edge vortex varied with k and Re. 
The delay in stall onset increased with increasing reduced frequency, consistent with 
prior studies. Comparisons of the pressure distributions to the velocity and vorticity 

maps enabled us to identify the origin of the pressure minima on the suction surface.  
Migration of the stall vortex was determined to be a prominant contributor to the angle- 
and reduced frequency-dependent location and magnitude of pressure minimum. Other 
pressure minima developed near the leading edge either when the flow remained 
attached or at the onset of seperation. The trailing edge vortex was affected by Re and 
k, but in most cases had minimal effect on airfoil loading. 

Modal analysis using Proper Orthogonal Decomposition (POD) of velocity and 
pressure fields helped in understanding the dominant modes associated with flow. Most 
of the pressure fields could be reproduced using limited number of modes, with 4 
modes corresponding to 95% of the energy. The effect of POD modes on the 
aerodynamic forces and moments were also studied. 

a
Dep. Mechanical Engineering, Johns Hopkins University, Baltimore, MD 21218 USA 

1 Liu and Katz, Exp. in Fluids, 41, no.2 (2006) 
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Interaction of shock-waves with a compliant wall 

C. Riveiro Morenoa, M. Coulioua, N. Fabbianeb, O. Marqueta and R. Bura

Experiments on a transonic wind tunnel are conducted to analyse the fluid structure 
interaction (FSI) of a normal shock-wave with a soft material (SM). Recent work on 
this FSI has shown promising results in damping an oblique shock’s low frequency 
oscillations1. Nonetheless, FSI mechanism involved is yet unclear. Experiments are 
carried out in S8Ch wind tunnel equipped with a Mach 1.4 half-nozzle and a 
downstream second throat, which allowed to generate the unsteady normal shock 
under study. Tests on Shock Boundary Layer Interaction (SBLI) on a rigid wall 
constitute the reference case. Shock dynamics were captured with high-speed 
Schlieren visualizations. Spectral Proper Orthognal Decomposition (SPOD) using 
Schlieren videos show a medium frequency bump (60 to 200 Hz) visible in Figure 1. 
Similar results were found in literature2,3. Lower frequency peaks were found to be 
caused by a forcing of the stagnation pressure measured in the settling chamber. 
Imaginary and real parts of the mode (not presented for brevity) indicate a pure 
oscillation of the SBLI. Therefore, the SBLI seems to behave as a noise amplifier. A 
viscoelastic model written in Finite Element Method was developed to predict the 
SM’s response to the shock forcing. Through Dynamic Mechanical Analysis SM’s 
mechanical properties were 
determined. Experiments to 
study SBLI with a SM are in 
process. Syncronized Digital 
Image Correlation and 
Schlieren are used to 
characterize the SM’s and 
shock’s dynamics. We 
hypothesise that SM’s 
viscoelasticity or/and steady 
deformation could lead to an 
attenuation and stabilization of 
the shock’s oscillations. This 
presentation will enable to 
clarify which scenario occurs 
and thus provide a deeper 
understanding of the FSI under 
study. 

a Dep. d’Aérodynamique, Aéroacoustique et Aéroelasticité, ONERA, 92190 Meudon, France
b Dep. d’Aérodynamique, Aéroacoustique et Aéroelasticité, ONERA, 92320 Châtillon, France
1 Pham et al., AIAA/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Conference, 56, 2925
(2018) 
2  Bogar et al., AIAA 14th Fluid and Plasma Dynamics Conference, (1981).
3  Handa et al., AIAA Journal, 41, 64 (2003)

  Figure 1.  Premultiplied spectra of first SPOD eigenvalue. 

Low frequency peaks 

Medium frequency bump 
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Reynolds Number Extrapolation of Aerodynamic Polars for Wind 
Turbine Airfoils: A Data-Driven Approach to Power-Law Scaling 

A.C.Özgörena and O.Uzolb

Airfoil aerodynamic polars are critical in the design process of wind turbine blades. 
This information can either be generated using numerical methods or by means of 
wind tunnel tests. Generally during the design process experimentally obtained polars 
are preferred (if available) since numerically obtained polars could have difficulty in 
predicting aerodynamic characteristics especially beyond linear region[1]. However, in 
typical industrial wind tunnel tests, data are generally obtained at relatively lower 
Reynolds numbers compared to the ones observed in real operational conditions. The 
measured aerodynamic data then have to be extrapolated to higher Reynolds numbers 
in order to be used in blade design optimization codes. Though scarce, different 
methodologies have been proposed over the years for this purpose but a well-
established extrapolation methodology is non-existent in open literature. This study 
presents a data-driven methodology and uses power-law based scaling for 
extrapolating wind tunnel data to higher Reynolds numbers. We use an experimental 
dataset that is composed of 53 different airfoils from open literature that are tested at 
different Reynolds numbers (lowest 1x106, highest 20x106). These airfoils are selected 
specially such that they have a thickness-to-chord ratio of 15% or more, to be more 
relevant to wind turbine applications. Using this airfoil database, we first create a 
response surface to predict CLmax and CDmin values at any desired Reynolds number. 
Afterwards, a power-law based formulation similar to [2] is used for extrapolation of 
full lift and drag polars. An example of lift polar extrapolation from 3x106 to 6x106 is 
illustrated in Figure 1. Details of the methodology and more results will be presented 
for different airfoils in our final presentation. 

a
Graduate Student, Dept. of Aerospace Engineering, Middle East Technical University, Ankara, 

Turkey
b

Professor, Dept. of Aerospace Engineering, Center for Wind Energy Research (RÜZGEM), Middle 

East Technical University, Ankara, Turkey 
1 Sezer-Uzol et al., Handbook of Wind Energy Aerodynamics. (2021).
2 G. K. Yamauchi and W. Johnson, NASA Technical Memorandum 84363 (1983).

Figure 1: Lift polar extrapolation from Re=3x106 to Re=6x106 for DU00-W-212 airfoil 
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Investigation of Internal Web Cross-Sectional Shape Effects on 
Grid Fin Aerodynamics in Supersonic Flow using Computational 

Fluid Dynamics 

E. Dinçera, N. Sezer Uzolb

Advances in the missile technologies create faster and more maneuverable missiles 
which requires efficient and strong control surfaces. Grid fin is a candidate to fulfil 
this need in designing such missiles. Grid fins are an unconventional aerodynamic 
control surfaces that consist of small intersecting internal web structure and an outer 
frame. Advantages of grid fin are superior lifting and stall characteristics, very low 
hinge moment production, high strength-to-weight ratio, and efficient packing. 
However, grid fins create high drag forces and complex flow field which makes it hard 
to design and investigate such control surfaces.  
In this paper, “MICOM Grid Fin” wind tunnel experiments1 are used to validate the 
CFD analysis. The validation also includes a mesh convergence and turbulence model 
selection studies. Due to complex geometry of grid fins, enormous number of mesh 
elements are required to achieve good mesh resolution. To reduce the number of 
mesh elements and therefore analysis time, polyhedral mesh, state-of-the-art meshing 
technique is used. A sample polyhedral mesh created for MICOM grid fin is illustrated 
in Figure 1(a).  To perform a parametric study, several grid fins having rectangular, 
diamond, general hexagonal, and circular arc web cross-sectional shapes are 
investigated. These shapes are illustrated Figure 1(b). Other grid fin geometric 
parameters such as chord, span, width, and gap are held constant. In this study, the 
aerodynamic performances of different grid fins are investigated at Mach number of 
2.5 and four different angles of attack ranging from 0 to 15 degrees. Moreover, the 
grid fin flow field is investigated using Mach and pressure contours to understand grid 
fin aerodynamics.  

a
Engineer, Roketsan Missiles Inc., Ankara, 06800, Turkey

b
Assoc. Prof. Dr., Dep. Aerospace Engineering, Middle East Technical University, Ankara, Turkey 

1 Miller et al., AIAA 12th Applied Aerodynamics Conference, 800 (1994).

(a) (b) 

Figure 1: (a) MICOM grid fin with polyhedral surface meshes (b) Web cross-sectional shapes. 

172



Numerical simulation of ice accretion on rotating, coated airfoils 
using a novel Lagrangian technique implemented in OpenFOAM

Jigar Shaha, Khaled Yassinb, Johannes Therona, Bernhard Stoevesandta 
and Joachim Peinkeb 

Wind farms are often located in cold regions and high altitudes to benefit from the high 
wind speeds. However, at such locations ice accretion often leads to wind turbines 
shutdowns. To overcome the icing problem, wind turbine blades can be coated with 
hydrophobic coatings. This work represents the results of numerical simulations of ice 
accretion on an airfoil with three different coatings. These numerical simulation cases 
emulate tests performed in an icing test rig at Fraunhofer IWES. The icing test rig 
consists of a cold chamber with water droplets injected towards the airfoils that are 
attached to a rotating disk. The simulations are performed using an in-house code 
implemented in OpenFOAM framework. This new OpenFOAM code uses a 
compressible Lagrangian approach to simulate water particles transported from the 
atmosphere to the airfoil surface. On the water film side, Shallow Water Icing Model 
(SWIM) is used to simulate the icing process. The mechanism for water droplets 
splashing off the airfoil surface is driven by the critical Weber number (Wec) of the 
coating. The lower the critical Weber number, the lower the amount of ice accretion on 
the airfoil. Hydrophobic coatings usually have lower critical Weber number than 
commercial coatings due to their special microscopic structures. The results of the 
simulations show a 70 % reduction of ice accumulation on the current hydrophobic 
coatings compared with commercial coatings. The simulations hence demonstrate the 
ability of the in-house icing code to predict ice formation between coatings with 
different hydrophobic properties. The results can be used to perform virtual tests of 
hydrophobic coatings aimed at being used in the future. These coatings reduce the need 
for high-energy anti-icing measures and facilitate the widespread use of wind farms even 
in cold climates. 

a
Fraunhofer Institute for Wind Energy Systems IWES, Küpkersweg 70, 26129 Oldenburg, Germany

b
ForWind-Centre for Wind Energy Research, Institute of Physics, University of Oldenburg, 26129, 

Oldenburg, Germany 

(a)                                (b) 

Figure 1: Comparison of ice thickness between (a) commercial and (b) hydrophobic coated 

airfoil.  
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Modal analysis reveals imprint of snowflake shape on wake vortex 
structures 

Giorgia Tagliavinia,b, Nebojsa Dubocanina, Pascal Corsoc, Markus Holznerb 

Snowflakes falling behaviour is crucial for climate model parametrisation and snow 
distribution on the ground. The irregular shape of snowflakes makes their falling 
trajectories elaborate and produces intricate wake structures, which affect the snow 
particle drag coefficient and settling velocity1. In previous work based on a fixed-
particle, Delayed-Detached Eddy Simulation, we found that the particle porosity 
reduces the vortex shedding, while low particle flatness increases the velocity 
fluctuations2. This is further investigated here using modal analysis3 that decomposes 
numerical data of the wake flow into separated structures in space and in time, 
creating a reduced model of the system. This allows us to work with pairs of 
eigenmodes (spatial behaviour) and eigenvalues (temporal behaviour) that can be 
directly related to snowflake shape to identify its effect on the wake characteristics and 
on the snow particle falling motion. Fig. 1(b) shows the wake dominated by only one 
mode (mean flow) for the dendrite D1 (high porosity), while for the rosette MR (low 
flatness) more modes with lower amplitude contribute to the meandering wake. This 
study will unveil the spatial and temporal flow patterns in the snow particle wake with 
a direct impact on the particle drag and falling behaviour. 

a
Department of Civil, Environmental and Geomatic Engineering, ETH Zurich, Zurich, Switzerland 

b
Swiss Federal Institute for Forest, Snow and Landscape Research, WSL, Birmensdorf, Switzerland 

c
ARTORG Centre – University of Bern, Bern, Switzerland 

1 Tagliavini et al., Int. J. Multiphase Flow. 140, 103652 (2021).
2 Tagliavini et al., Physics of Fluids. 33, 105103 (2021).
3 Taira et al., Physics of Fluids. 33, 105103 (2021). 

Figure 1: (a) Coherent structures highlighted by Q criterion (>50) for a dendritic plate (D1) 
and rosette (MR) snow particle at Re=5002. (b) 2D modes for the same particles at Re=500 
(left) and the respective complex plane of the DMD eigenvalues coloured by their amplitude 
(right). 
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Experimental and LES analysis of the flow around a 5:1 rectangular 
cylinder  

A. Mariottia, G. Lunghia, E. Pasqualettoa and M.V. Salvettiab

The high Reynolds number flow around a rectangular cylinder, having a 
streamwise to crossflow length ratio equal to 5, is experimentally and numerically 
analyzed. The flow is characterized by shear layer separation from the upstream edges. 
Vortical structures of different sizes form from the roll-up of these shear layers, move 
downstream and interact with the classical vortex shedding in the wake. The 
corresponding mean flow is characterized by a recirculation region along the lateral 
surface of the cylinder, ending close to the trailing edge. The mean flow features on 
the cylinder side have been shown to be highly sensitive to the shear layer dynamics, 
which is influenced by set up parameters both in numerical simulations and in 
experiments. The results of 5 experimental set-ups and 35 Large Eddy Simulations 
(LES) are analyzed herein to highlight the impact of the shear layer dynamics on the 
lateral mean recirculation characteristics and, in turn, on the near wake flow features 
and on some bulk quantities of practical interest. Experiments and numerical 
simulations are carried out at zero angle of attack and Reynolds number 
Re=DU∞/ν=40000, being D the crossflow dimension, U∞ the freestream velocity and 
ν the kinematic viscosity of air. Almost-sharp upstream corners1 (r/D=0.0005) and 
different values of the corner roundings are considered. LES simulations are carried 
out with sharp edges2 and different values of the rounding of the upstream edges3 
matching the experimental ones and for different numerical and modeling settings. 

The shear-layer dynamics and the dimensions of the mean recirculation zone vary 
considerably in these experiments and simulations, allowing us to single out 
meaningful trends. The growth of the velocity fluctuations along the shear layers 
detaching from the upstream corners is highly correlated with the location of the 
onset of Kelvin-Helmholtz instability and, in turn, with the length of the mean 
recirculation on the cylinder side. This, in turn, influences the near wake features. 

a
Dip. di Ingegneria Civile e Industriale, Università di Pisa, Largo Lucio Lazzarino 2, Pisa, Italy. 

1 Pasqualetto et al., Wind and Structures. 34(1), 101-113 (2022).
2 Mariotti et al., Eur. J. Mech. B/Fluids 62, 149–165 (2017). 
3 Rocchio et al., J. Wind Eng. Ind. Aero. 204, 104237 (2020).

Figure 1: (a) Instantaneous vortical structures (top) and mean flow streamlines (bottom) in 

LES1,3. (b) Hot-wire streamwise velocity and shear layer border2. 
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Direct numerical simulation of a Bio-inspired corrugated airfoil in 
presence of turbulent free-stream 

Rajosik Adaka and Sandeep Sahaa 

The design of Micro air vehicles (MAVs) introduces aerodynamic performance 
challenges due to the small size and consequently the low Reynolds number(Re)
(O(103-5 )). Natural fliers are naturally optimized and are the comparable size of MAVs 
makes them a potent resource for the design of MAVs. The dragonfly predominantly 
uses a gliding mode of flight and gets benefited from low costs of gliding over 
flapping, and operates at Re, ranging from 100−10000[1]. Most of the literature
suggests that the  corrugated profile improved aerodynamic properties with respect to 
flat plate or profiled airfoil[2-4]. The effects of turbulence, typically present in low 
altitude flight, have been not however been investigated significantly. We perform 
direct numerical simulations of laminar and a turbulent free-stream past bio-inspired 
corrugated airfoil of different thickness at a low Reynolds number to get insight into 
their response to free-stream turbulence (see Fig. 1). A divergence free synthetic 
homogeneous-isotropic turbulence inlet is generated using a Fourier series constrained 
by a turbulent energy spectrum[5]. The results reveal that the aerodynamic efficiency 
increases with the decrease in wing thickness, and the presence of turbulent free-
stream, increases the efficiency further. The effect of the thickness and free-stream 
turbulence is seen distinctly for Re>= 3000 (see Fig. 2).  
_______________________________________ 

  a 
Department of Aerospace Engineering, IIT Kharagpur, Kharagpur, West Bengal - 721302, India 

1. Wakeling and Ellington, Journal of experimental biology, 200, 543(1997)
2. Kesel, Journal of experimental biology, 203, 3125(2000)
3. Vargas et al., Bioinspiration & biomimetics, 3, 13(2008)
4. Hord and Lian, Journal of Aircraft, 49, 749(2012)
5. Bechara et al., AIAA journal 32, 455(1994)

 
Fig 1: Z-vorticity contour plot, Re=7500,
angle of attack (α) =5◦ for a) with turbulent 
free-stream b) without turbulent free-
stream. c) Corrugated profile 

Fig 2: Aerodynamic efficiency of the 
corrugated plate at AOA=5◦. Tu= 
Turbulence intensity, t= thickness 
ratio. 
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Evolution of optimally perturbed Wing-Tip vortices 

M. Suhail Naima and Navrosea

We investigate the efficacy of controlling Crow 1 , 2  instability via injection of optimal 

perturbation for the flow past a wing. It was demonstrated recently by Navrose et al.(2019)3 

that the optimal perturbation evolves as a downstream traveling wavepacket. Its effect on 

the tip-vortex is to displace the vortex core from its unperturbed position. Fig. 1(a) and (b) 

shows the unperturbed and perturbed baseflow, respectively. In the present work, we add 

optimal perturbation periodically to the flow. The frequency of injection generally dictates 

the spacing between successive wavepackets. For high frequency, the wavepackets are 

relatively closer and the response can be different from the situation where perturbation is 

introduced at low frequency. To study the longtime effect of the perturbation on the 

dynamics of tip vortices we change the frame of reference to one that moves roughly at the 

speed of the wavepackets. Fig. 2(a),(b) and (c) shows the flow field corresponding to three 

situations with different injection frequencies. Also shown are the location of the vortex 

center in the spanwise plane at different time instants. The initial results show that the 

strength of the perturbation, measured in terms of peak vorticity decreases. While the 

displacement of the vortex core in the inward direction(towards the wing root) decreases 

with time, it first decreases and then increases in the outward direction(towards the wing 

tip). Computations are underway to explore the effect of Reynolds number, energy of the 

injected perturbation and spacing between tip-vortices. Detailed results will be presented at 

the conference. 

 Figure 1: Re=1000: 

Streamwise vorticity of (a)unperturbed and (b)perturbed baseflow. The wavepacket has traveled a 

streamwise distance of x/c~50.   

Figure 2: Re=1000: Perturbation wavepackets(P1-6) present in one wavelength of Crow mode(λ~8*b; where b 

is the separation between the counter rotating vortex pair at  x/c~50). (a) single wavepacket located at λ/2; 

(b)two wavepackets and (c) three wavepackets. Top row shows the streamwise vorticity. Bottom row shows the

streamwise location of the center of the tip-vortex at different instants of time.

a Department of Aerospace Engineering, Indian Institute of Technology Kanpur, Kanpur 208 016, India.
1 Crow, S. C. AIAA J. 8 (12), 2172 (1970).
2 Leweke et al. Annu. Rev. Fluid Mech. 48, 507 (2016)
3 Navrose et al. J. Fluid Mech. 866, 399 (2019)
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On the relationship between base pressure and velocity modes in 
the wake of an Ahmed body 

B. Podvina, S. Pellerinb, Y. Fraigneaub, G. Bonnavionc and O. Cadotd

 Under certain conditions, the wake behind a square back Ahmed body is not 
symmetric with respect to its vertical mid-plane and is characterized by random 
intermittent switches from one quasi-steady asymmetric state to its mirror 
counterpart. The dynamics of the switching process can be described using POD 
analysis of the base pressure. The decomposition is applied to results from a 
numerical simulation1 at Re=10 000 as well as experimental measurements obtained at 
Re=40 0000. It is shown that in both cases the switch is associated with a pressure 
increase over the full base,  as well as strong variations on the external part of the 
recirculation zone. Analysis of the velocity field in the near-wake shows the 
predominance of a quasi-steady laterally asymmetric deviation between switches, 
vertically asymmetric patterns during the switch and oscillatory, vortex shedding 
motions. A POD-based linear stochastic estimation method developed in (Podvin et 
al. 2) is used to examine the relationship between  pressure and  velocity patterns. It is 
found that the base pressure can be well recovered from the velocity field in the near-
wake, and that conversely some of the flow large scales can be correctly estimated 
from base pressure measurements. However the vortex shedding motions appear to 
be poorly correlated with the evolution of the base drag.  

a
EM2C, Centralesupélec, Université Paris-Saclay

b
LISN, CNRS, Université Paris-Saclay

c
ENSMA, Université de Poitiers 

d
University of Liverpool 

1 Podvin et al., Journal of Fluid Mechanics, 927 (2021)
2 Podvin et al., Experiments in Fluids, 59, 3(2018)
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An analytical all-induction state model for wind turbine wakes 

N. Bempedelisa and K. Steirosa

Analytical wind turbine wake models are an integral component of wind farm design, 
control, and optimization. However, when the turbine induction factor increases these 
models are prone to failure, as they do not account for the increasingly important 
effects of low wake pressure. To resolve this issue, we introduce a novel analytical 
wake model which incorporates the effects of wake pressure in its predictions, and 
may thus be used to predict the flow field downstream of wind turbines operating at 
arbitrary induction states. The model is based on inviscid flow theory for the initial 
wake region1 and an extension of Morton's theory for the far wake2. The main 
contribution of the present work is the inclusion of the wake pressure evolution in the 
modelling. Whereas previous works assume a constant “atmospheric” pressure 
throughout the wake, here it is estimated via a combination of potential flow theory 
results and a novel approximation which links pressure evolution and turbulent 
entrainment. Comparison with high-fidelity wind turbine numerical simulations 
(conducted with the high-order LES-Actuator Line solver of the framework 
Xcompact3d3) shows that the newly developed model is equally accurate to 
conventional ones at low induction factors, but continues to be so at higher induction 
factors where existing models exhibit deteriorating accuracy or even break down (see 
Figure 1).  

Figure 1: Characteristic wake velocity as a function of streamwise distance for turbines 
operating at different induction factors α. Numerical simulations (black), present model (red), 
Frandsen et al.4 (blue).  

a
Department of Aeronautics, Imperial College London, London, UK 

1 Steiros and Hultmark, J. Fluid Mech. 853, R3 (2018).
2 Morton, J. Fluid Mech. 10, 101 (1961).
3 Laizet and Lamballais, J. Comp. Phys. 228, 5989 (2009).
4 Frandsen et al., Wind Energ. 9, 39 (2006).
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Inflow conditions estimation under uncertainty 

J. Depardaya, Y. Marykovskiyab, I. Abdallahb, G. Duthéb, S. Barbera and
E. Chatzib

In order to assess the aerodynamic loads on airfoils, an accurate estimation of the 
inflow conditions is necessary. Installing and calibrating accurate and robust 
instrumentation to do this continuously in the field can be challenging, expensive and 
less precise than in controlled environments. It is for example the case for wind 
turbine blades because the geometry and inflow conditions vary significantly from 
root to tip along the rotorblade. The variable induction factor along the blade means 
that a simple measurement of the rotor inflow conditions cannot be converted to local 
flow conditions. Furthermore, wind turbines operate in a stochastic turbulent inflow 
condition, which also tends to increase the inaccuracy of the experimental results. 
In this work, we propose a method to predict the local blade angle of attack and wind 
speed together with their precisions from direct pressure measurements on the leading 
edge of an airfoil under various sources of uncertainties. The method to predict the 
inflow conditions is adapted from the stagnation point estimation method based on 
the inviscid flow theory1. The flow passing around the leading-edge is modelled as an 
inviscid flow passing around a parabola. Our pressure measurement system, which can 
easily be installed on the blade without any intrusive procedure, is based on 
differential pressure sensors measuring the gradient of pressure around the leading 
edge. It does not rely on any upstream reference pressure, which is very complicated 
to acquire in the field. Our method is evaluated against wind tunnel measurements 
and numerically for different types of airfoils (symmetrical, cambered and with large 
thickness-to-chord ratio airfoils). To assess the robustness of the method, uncertainty 
quantification and sensitivity analyses are performed using a stochastic polynomial 
chaos expansion approach. The sources of uncertainties include inflow random 
variables (wind speed and turbulence), location of the pressure sensors, noise in the 
sensors' signals and the shape of the leading edge. The uncertainty quantification 
analysis shows the accuracy of the angle of attack estimation is less than one degree 
when the flow is not fully separated at the leading edge. This uncertainty 
quantification process allows to propagate the uncertainty of experiment-based 
models to other simulations and tools, such as flow control or fluid-structure 
interaction studies, improving their robustness and accuracy. 

a
Institute of Energy Technology, OST Eastern Switzerland University of Applied Sciences, 

Oberseestrasse 10, CH-8640 Rapperswil-Jona, Switzerland
b

Chair of Structural Mechanics and Monitoring, Swiss Federal Institute of Technology (ETH 

Zürich), Zürich, CH-8093, Switzerland 
1 Saini and Gopalarathnam, AIAA Journal 56, 12 (2018)
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Dynamics of Freely Falling Porous Bodies 

I. M. Violaa and Chandan Bosea

Some seeds, such as the dandelion can be transported by the wind for days and hundreds 
of kilometres [1]. An appropriate understanding of the underlying physics may enable 
insect-scale man-made flyers with unprecedented endurance. The dandelion filaments 
form a permeable disk, providing most of the aerodynamic loads, whilst the centre of mass 
is located at an offset from the disk plane. The kinematics of impervious disks settling in 
gravity has been well characterised in the existing literature [2]: the steady or unsteady 
nature of the kinematics depends primarily on the Reynolds number (Re) and, when
unsteady, the falling style depends mostly on the ratio between the inertia of the body and 
that of the fluid (I*). However, how the permeability modifies the kinematics is not yet
understood. In this study, we investigate how the kinematics of disks, that fall at Re 
between 102 and 105, varies with the nondimensional permeability (i.e., the Darcy number 
Da). Furthermore, the effect of non-coinciding centres of mass and buoyancy is
investigated. We solve the Darcy-Brinkman equations using an overset mesh-based flow 
solver available within the open-source library OpenFOAM. A partitioned weak coupling 
strategy is used to determine the six-degrees-of-freedom motion of the freely falling 
porous body, where the Newton-Euler dynamic equations of motion are solved with a 
Newmark-beta time integration scheme. As a representative case, Figure 1a presents the 
smoke visualisation of the separated vortex ring (SVR) in the wake of a dandelion pappus 
and Fig. 1b shows a similar SVR structure in the wake of a permeable disc. Simulations are 
performed at Da = 10-4 and Re = 130, and the Line Integral Convolution (LIC) of the
instantaneous flow field are presented. At the conference presentation we will discuss the 
evolution of the flow field and the transition of the SVR during the descent of a permeable 
disc in different flight regimes.  

Figure 1: (a) experimental smoke flow visualization: a long exposure snapshot showing the meridian 
section of a SVR in the wake of a dandelion pappus [1], and (b) numerical simulation: a snapshot 
of the instantaneous flow field (LIC) around a permeable disc (Da = 10-4 and Re = 130) showing a
similar SVR. 

a
School of Engineering, Institute for Energy Systems, University of Edinburgh, EH9 3FB, UK 

1 Cummins et al., Nature. 562 (7727), 414-418 (2018) 
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An analytical blockage correction model for 
high solidity turbines 

K. Steirosa, N. Bempedelisa and M. Cicolina

A significant challenge in the experimental characterization of wind turbines in wind 
tunnels is the correction of the obtained flow quantities for interference effects arising 
from the wind tunnel walls. Conventional corrective models are based on the 
Rankine-Froude theory and are thus valid only when the turbine “effective solidity” is 
relatively low, due to the well-known failure of Rankine Froude at high solidity 
regimes. To resolve this issue, this work proposes a novel corrective model that builds 
on a recent extension of the Rankine-Froude theory1 to represent the wind turbine, 
which is valid at arbitrary solidities, coupled with the method of images to account for 
the existence of the channel walls. Based on the above representation a blockage 
correction model is then obtained using Glauert’s2 expression.  

The predictions of the above corrective model are validated using laboratory and 
numerical experiments. The laboratory experiments consist of the characterization of 
the drag (using load cells) and wake velocities (using 2D Particle Image Velocimetry) 
of porous plates with a porosity range of 0-50 %, at blockage ratios 5-25 %, in the 
hydrodynamics flume of Imperial College London. The numerical simulations consist 
of wind turbines simulated using the Actuator Line Method, using the code 
XCompact3D3 at varying numerical domain widths, leading to a variation in blockage 
between 3 and 20%, and tip speed ratios between 4 and 9. The results (see figure 1) 
show that the new model performs equally well to conventional ones when the 
turbine solidity is low, but becomes increasingly more accurate as the latter grows. 

Figure 1: Application of the corrective model at numerically simulated turbines for the drag 
coefficent (left) and power coefficient (right). Solid lines: simulations at two different blockages 
b, a large one, and a negligible one. Dashed line: current blockage model. Dotted lines: model
of  Barnsley and Wellicome4. 

a Department of Aeronautics, Imperial College London, London SW7 2AZ, UK 
1 Steiros and Hultmark, J. Fluid Mech 853: R3 (2018)
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Surfactant-laden film lining an oscillating spherical cap: 
Problem formulation and linear analysis 

K. Bouchoris and V. Bontozogloua

Interfacial flows with insoluble or soluble surfactants are intensely studied, and the 
presence of the surface-active agent proves to have a decisive role on the stability 
characteristics and transitions, as well as on accompanying transport phenomena1. 
Among the wide variety of applications, prominent is the study of various aspects of 
lung physiology, where thin, surfactant-laden films coat the airways and the alveoli2. In 
the case of alveoli, which is the focus of the present work, it is the periodic inflation 
and deflation of alveolar walls during the breathing cycle that drives the flow. 
An oscillating spherical cap, lined internally with a surfactant-laden liquid film, is 
considered as a model of the dynamics of a single alveolus. The flow in the liquid film 
is analyzed in the quasi-steady Stokes limit by a lubrication approximation, and the 
free-surface boundary conditions are imposed on the interface. The adsorption of 
surfactant to the liquid-air interface is assumed to be kinetically limited, and is 
described according to Langmuir kinetics, modified by the inclusion of the intrinsic 
compressibility of the adsorbed monolayer3. It is argued that the boundary conditions 
imposed at the rim of the spherical cap are critical for correct modeling, as the flow 
and transport phenomena are actually driven by gradients between the rim and the 
interior of the alveolus. A novel boundary condition is applied, which enforces mass 
conservation of water and surfactant subject to the assumption that the liquid film 
covering the rim is uniform and its dynamics is enslaved to that of the alveolus.  
Linear analysis is performed around the equilibrium conditions in a non-oscillating cap 
and the resulting system is numerically solved by a Galerkin finite-element method. A 
key finding is that the occurrence of shearing motion in the liquid layer is closely 
related to the non-zero film thickness over the rim. For a physiologically relevant 
value of this parameter, shearing motion on the interface is predicted an order of 
magnitude lower than the oscillatory motion in the radial direction. Marangoni stresses 
dominate the interfacial dynamics, but capillary stresses may not be neglected as they 
affect significantly the interior flow field. Due to the action of capillary stresses, spatial 
modulations appear in the surface concentration of surfactant, the volumetric flow 
rate of the film and the wall shear stress. The lengthscale of these modulations varies 
with the cubic root of surface tension, and is predicted by a balance between capillary 
and viscous forces. Finally, an attempt is made to relate the present predictions to 
physiology findings about air flow and particle deposition inside alveoli, and about 
shear stress-inflicted damage in diseased lungs. 
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Tumor cell progression and metastasis: Rheological model and 

numerical analysis 

Y. Feldmana, L. Darafa

Tumor cell progression and metastasis are complex phenomena, that involve 
ongoing molecular and cellular changes. Despite significant  progress being made in 
the fundamental understanding of the biological and genetic events driving both 
phenomena, much remains to be elucidated regarding the influence of the tumor 
microenvironment on tumor initiation and progression as well as response to 
treatment. As such, the development of a theory correlating tumor cell progression 
and metastasis with biomechanical abnormalities in tumors and their 
microenvironment due to the continuous buildup of mechanical stresses may be 
viewed as a timely – and indeed urgent – need.  

We present ongoing development of the rheological model capable to 
simulate for tumor cell progression and metastasis. The model treats the carcinoma as 
visco-elastic fluid and aims to be able:  (i) to model the motility of both individual cells 
and cell colonies, and (ii) to consider realistic variations in the sizes and shapes of cells 
in different regions of the cell colony.  

The digital images of carcinomas obtained by employing of the developed 
model have been extensively validated by comparison with the data available in the 
literature in terms of the conservation of area after cell division, the cell area doubling 
time, the duration of the cytokinesis process, and the temporal evolution of the 
proliferation and the tumor area. Using the developed numerical methodology, we 
propose a theory  that provides a new insight  into the mechanisms of the tumor 
development and explains complex biological phenomena, such as fingering 
formation along the periphery of the tumor and the growth priorities given to 
individual cells during the tumor development in terms of minimizing the mechanical 
energy  stored within the growing tumor. 
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Lingering and the Zweifach-Fung effect in-vivo 

C. Wagnera, T. Johna, L. Kästnera, Y. Rashidia and A. Darrasa

Any alteration in the flow of red blood cells (RBCs) in the microvasculature can have 
serious effects on health status. Since the vessel size are in the order of the diameter of 
the RBCs, the fluid structure coupling at the cellular level play a dominant role. The 
continuous development of numerical modelling of erythrocytes even in complex 
networks has led to new insights in the field of haemodynamic, and it was predicted 
that the lingering of single RBCs are a key factor for the flow irregularities in the 
microvasculature. Here, we present experimental findings in-vivo that confirm the 
numerical predictions. 

Syrian golden hamsters with a body weight of 60-80 g are equipped with a dorsal 
skinfold chamber (Fig 1) and a skin and subcutaneous layer with the M. panniculus 
carnosus as well as the two layers of the retractor muscle in the area of the opening 
window of the chamber are completely removed from their depilated and disinfected 
back. A total of five hamsters were dissected in order to neglect interindividual effects 
and also to observe different phenomena in different geometries. The temporal 
dynamics of the RBCs flow2 is determined by lingering events at bifurcations, i.e. the 
temporal rest of single RBCs at the tip of the bifurcation. The gap length both in time 
and space are strongly correlated, and this implies a break-up of RBCs in the 
proximity of the bifurcation. Typically, the disproportionate cell distributions at 
bifurcations are described by the Zweifach-Fung effect. Lingering can lead to an 
inverse Zweifach-Fung effect, thus even increasing the disproportional distribution of 
cells at bifurcations. In conclusion, our in-vivo experiments confirm lingering of 
RBCs at the apex of a bifurcation determine to a large extend the heterogeneity of the 
microvascular flow. 

a
Dep. Physics, Saarland University, Campus, 66113 Saarbrücken, Germany 

2A. Kihm, S. Quint, M. W. Laschke, M. D. Menger, T. John, L. Kaestner, and C. Wagner 
Lingering Dynamics in Microvascular Blood Flow, Biophysical Journal, 
DOI: https://doi.org/10.1016/j.bpj.2020.12.012 

Fig1: Syrian golden hamster equipped with a dorsal skinfold chamber. (b) Snapshot of an 
in-vivo capillary bifurcation sequence geometry with flowing RBCs (red). (c) Distribution of 
voids within a branch (1) of a bifurcation. 
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Impacts of boundaries on micro-swimmer distributions in channel 
flow, and the bulk-flow dependence of boundary encounter angles 

Smitha Maretvadakethopea, Andrew L. Hazelb, Bakhti Vasieva and 
Rachel N. Bearona 

Biofilm formation impacts many fields, from medical technologies, e.g. catheter 
design, to infrastructure development, e.g. water supply pipes, due to contamination 
and infection risks.  For the case of motile micro-swimmers, the early stages of biofilm 
behaviour are dependent on the physical properties of swimmers and their ambient 
flow environments as these affect the likelihood of surface interactions and surface 
colonisation. We study the initial stages of biofilm formation for a dilute suspension 
of micro-swimmers in two-dimensional pressure-driven flows. We aim to understand 
the effects of swimmer geometry and linearly varying shear flow on swimmer 
trajectories and how the history of bulk-flow dynamics affects swimmer-wall 
interactions. Continuum modelling, using a two-dimensional Smoluchowski equation, 
allows us to obtain population-level features of the equilibrium problem (in the 
absence of hydrodynamic wall interactions). Meanwhile, the use of stochastic 
individual-based models allows us to analyse the observed features, explore cell 
behaviours throughout the bulk flow, and highlight the roles of rotational and 
translational diffusion on the resulting swimmer orientation distributions at the 
channel walls. We highlight the importance of the purely deterministic aspects of bulk-
flow swimming on swimmer distributions at the channel wall via a novel accumulation 
index. We also study the interplay between the choice of boundary conditions in 
continuum modelling1,2 and the observed bulk-flow dynamics. These insights highlight 
the importance of shape and shear effects on swimmer-wall interactions and the non-
triviality of the choice of boundary conditions when developing continuum models 
for swimmer suspensions. 
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2 Vennamneni et al., J. Fluid Mech. 890, A15 (2020).

Figure 1: Cell probability density distribution, ψ, for a dilute suspension of microswimmers in 

Poiseuille flow, as modelled by an Itô SDE with specular reflection boundary condition. 
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Energy distribution and spectral analysis of the turbulent flow 
downstream of stenotic and bioprosthetic aortic valves 

P. Corsoa, Ch. E. Frouzakisb and D. Obrista

Haemodynamic turbulence due to aortic stenoses or non-optimal bioprosthetic aortic 
valves (BAV) during peak flow may contribute to a variety of pathophysiological 
effects1. We intend to characterise the energy carried by the turbulent fluctuations and 
the turbulent spectra for four valvular configurations using a direct numerical simulation 
of the incompressible flow downstream of a fixed-wall aortic stenosis2 and 3D fluid-
structure interaction simulations of BAV with moving leaflets3. The time-varying orifice 
shape of the BAV and the reduced orifice area of the stenosis is responsible for distinct 
large-scale anisotropic eddies (Fig. 1). Despite a higher turbulence intensity in the 
stenotic case, the 3D wavenumber spectra considered at one point4 in the ascending 
aorta display the typical inertial subrange in the four cases. By analysing the energy-
bearing turbulent features and linking them to geometrical leaflet parameters, we shed 
light on an optimised leaflet design for improved valve performance. 
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1 Stein and Sabbah, Circulation Research. 39, 1 (1976).
2 Corso et al., IEEE Trans. Biomed. Eng. 68, 3 (2021).
3 Nestola et al., J. Comp. Phys. 398, 1 (2019).
4 Frost and Moulden, Handbook of Turbulence, Vol. 1, Springer (1977). 

Fig. 1: Top row - Valvular configurations simulated and parametrisation (, l and attachment

curve shape) of the BAV leaflet geometries. Middle row - Coherent vortical structures
downstream of the four valvular cases. Bottom row – left: turbulence intensity along the
centreline for the four valvular cases. Right: Wavenumber spectrum at one point downstream of 
the four valvular configurations. 

190



Extensional and Shear Stress distribution experienced by vWF 
protein molecules in turbulent blood flow  

D.V. Papavassilioua and O.L. Phama

As blood cells and large protein molecules circulate in cardiovascular implantable 
devices, they often experience non-physiological stresses. Red blood cells can suffer 
hemolysis, while proteins, such as the von Willebrand Factor (vWF), may cleave or 
may change their conformation under hemodynamically induced stresses. Changes in 
the vWF molecular structure lead to blood clotting abnormalities, referred to as the 
acquired vWF syndrome [1, 2]. The flow of blood through pumps, heart valves or 
ventricular assist devices (VADs) is often turbulent. The design for such devices 
should account for the full distribution of stresses in the flow field, not only the 
predictable average quantities. Here, we use direct numerical simulations of fully 
developed turbulent flow in a channel and of Poiseuille-Couette flow to calculate the 
stresses along the trajectories of vWF surrogate molecules. Thousands of protein 
molecules that behave as passive particles are released in the flow field. [3,4].  The 
release points are chosen to represent important regions in turbulent flow, the wall, 
the buffer region, the logarithmic layer, and the outer flow. The trajectories of vWF 
molecules are followed with a Lagrangian scalar tracking algorithm, and the 
extensional stresses and shear stresses are calculated along their trajectories. The 
history of the stresses is also calculated and a distribution of the stresses as a function 
of time is obtained. The Stokes-Einstein model is used for the diffusivity of vWF, and 
the Reynolds numbers were chosen to be typical for turbulent flow through the blood 
pump examined in the FDA Critical Path Initiative and typical VADs [4]. The 
statistical distributions for both shear and extensional stresses are found to exhibit 
tails that correspond to stresses larger than the critical values for vWF deformation. 
When the history of the stresses is considered, the molecules can be in regions of low 
stress for long times, leading to significant exposure to stress, even when the average 
stress in a flow field is below the critical value for vWF deformation. The location of 
vWF release, and the type of flow are found to be important, leading to different 
strategies for the reduction of hemodynamically-induced stress damage on vWF.  

a School of Chemical, Biological and Materials Engineering, University of Oklahoma, 100 East Boyd St., 
Norman, OK, USA
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Characterization of respiratory-induced solute transport in the 
spinal canal: in-vivo experiments and numerical simulations 

J.I. Jiménez-Gonzáleza;b, C. García-Baenaa;b, S. Sincombc, C. Gutiérrez-
Montesa;b, C. Martínez-Bazánb;d, W. Coenene and A.L. Sánchezc Authorb

Recent studies have shown that respiration constitutes a relevant mechanism in 
cerebrospinal fluid (CSF) dynamics1,2. The latter, which employed real-time MRI 
measurements, were focused on forced breathing or respiratory efforts. In the present 
work, respiratory-gating measurements are conducted to quantify the CSF flow in the 
spinal canal driven by normal, breathing. Respiratory-gated CSF flow measurements 
from 6 healthy subjects were acquired on a 3T Siemens MRI scanner at 5 spinal levels. 
Subjects were instructed to perform normal breathing with a fixed frequency, visually 
guided by a video recording of a periodic signal at the subject’s frequency of choice. A 
synthetic signal with the same frequency was used to retrospectively gate the acquired 
data to the subject’s breathing cycle. The flow was measured and the time evolution of 
the flow rate across these sections over one breathing cycle was determined. 
Numerically integrating the flow rate over a cycle yielded the craniocaudal variation of 
the stroke volume. It has been observed that inhalation drives cranial CSF flow, 
whereas exhalation drives caudal flow. Flow rates at all spinal locations were found to 
be in phase. Velocity amplitudes are largest in the lumbar region for most cases. The 
corresponding stroke volume was seen to increase craniocaudally from the foramen 
magnum, peaking at the lumbar thoracic junction before decreasing to zero at the 
caudal end of the canal. This suggests that respiration could provide the dominant 
transport mechanism in the lower spinal canal. To assess this hypothesis, MRI 
measurements were used as inputs to direct numerical simulations of respiratory-
driven CSF flow and solute transport. In particular, segmentation of images and 
subsequent postprocessing and binarization, allowed to identify borders of the pia and 
dura matter along the canal, thus defining the whole geometry of the spinal 
subarachnoid space. CSF flow rates were decomposed into modal components to 
characterize the dynamic deformation of the spinal canal, to be employed as boundary 
condition in the simulations aimed to understand the fluid-structure interaction 
problem. Preliminary results indicate the existence of a net transport associated to 
respiration which is at least as important as that of cardiac-driven flow. 
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A hybrid computational approach for flagellated motility in non-
Newtonian biological fluids 

C.V. Neala, R.N. Bearona, D.J. Smithb and M.T. Gallagherc

The locomotion of microswimmers in non-Newtonian fluids is of crucial importance 
in many biologically processes including infection, fertilisation, and biofilm formation. 
The behaviour of flagellated swimmers in these media remains an area with many 
conflicting results, with cells displaying varying responses depending on their precise 
morphology, propulsive mechanisms, and elastic properties, as well as the complex 
characteristics of the fluid itself. 

We numerically investigate the effect of non-Newtonian properties, including 
shear-thinning rheology and viscoelasticity, on both planar sperm-like swimmers and 
helical bacterial locomotion. This is achieved through a novel hybrid computational 
approach that utilises known Newtonian solution techniques (The Method of 
Regularised Stokeslets1) to approximate the rapidly varying three-dimensional flow 
surrounding a swimmer, with a non-Newtonian correction term obtained through 
solving using the finite element method (FEM). Crucially, the FEM is formulated in 
such a way that the solution can be calculated on a coarse mesh, for decreased 
computational costs compared to more commonly used body-fitted meshes. For 
sperm-like swimmers, the inclusion of swimmer elasticity allows us to demonstrate 
that complex rheology can either enhance or hinder propulsion, depending on a 
balance of elastic and viscous forces within the problem. For rigid helical swimmers, 
we compare the effects of shear-thinning rheology and fluid elasticity on swimming 
speed and efficiency of cells, with the combination of both effects modelled using a 
Giesekus2 constitutive law. Our results, through considering a variety of fluid and 
swimmer properties, are sought to bridge the gap between the conflicting 
experimental and theoretical observations in the literature. Additionally, we discuss the 
relevance of our findings to clinical sperm assessment, as well as the possible 
implications on the initial stages of bacterial biofilm formation.  
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Active flows in endoplasmic reticulum networks 

Pyae Hein Hteta, Edward Avezovb and Eric Laugaa 

The endoplasmic reticulum (ER) is a network of fluid-filled tubules and sheets which 
performs essential cellular functions such as protein and lipid synthesis and 
processing. Single particle tracking in peripheral ER networks has revealed slow 
diffusive motion inside nodes (i.e. the junctions between tubules) and much faster 
transport across tubules1. The uncoordinated stochastic pinching of tubules was 
proposed as a possible mechanism behind ER solute transport. In this work, we study 
theoretically the fluid dynamics of such active networks using a viscous hydraulic 
model of realistic ER geometries forced stochastically by finite-size pinching. Our 
model predicts that the tubule-pinching mechanism results in weak but wildly 
fluctuating flows that only slightly enhance the effective diffusivity of transported 
particles so that solute transport remains dominantly diffusive. The predicted 
transport speeds between junctions are an order of magnitude lower than those 
measured experimentally, suggesting that the pinching hypothesis is not able to 
account for ER solute transport.  The pinch parameters may be pushed to recover the 
high speeds seen in experiments, but they are associated with unrealistic rates of 
pinching and pinch sizes. We further investigate the possibilities of the contractions of 
tubular junctions or peripheral ER sheets as driving mechanisms; junctions are again 
too weak as generators of flow, and peripheral ER sheets introduce spatial 
inhomogeneities not observed in experiments. Our study therefore does not support 
pinching-driven flows as the origin of the measured active ER flow and the biological 
mechanism behind active solute transport in the ER still remains to be identified. 
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Figure 1: (a) A skeleton image of an ER network1, with edges (tubules) colour-coded 

according to (b) the distribution of average edge traversal speeds (i.e. the average speeds at 
which particles travel between neighbouring nodes) as measured experimentally1. (c) The 
analogous distribution of average edge traversal speeds as computed by our model with (blue) 
and without (red) pinching-induced flows; a quantitative test of the pinching tubule hypothesis 
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Experimental study of concentrated particle transport in 
successively bifurcating vessels 

Yinghui Lia, Omid Amilib, Filippo Colettia 

The flow characteristics in branching networks have been widely investigated to 
understand transport processes in respiratory and cardiovascular systems. Here we 
consider the particle transport in a classic geometry of successively bifurcating vessels, 
but in a poorly understood regime. Previous studies that investigated the particles’ fate 
in such flows were almost exclusively focused on highly dilute conditions, in which 
inter-particle interactions are negligibly rare. However, in many biomedical settings 
such as drug delivery, the particle concentration is a crucial parameter. In the present 
study, we use particle tracking velocimetry to investigate the transport of finite-size 
particles in an idealized 4-generation bifurcating model. We consider a regime 
especially relevant to vascular embolization: a physiological range of bulk flow 
Reynolds numbers and a suspension of neutrally buoyant particles, reaching solid 
volume fractions up to 2%. The effects of volume fraction and release location are 
studied through Lagrangian statistics of the particle trajectories. Our results show 
remarkable influence of particle concentration on particle transport, both in the 
Eulerian and in the Lagrangian frames. The particle traveling speed, acceleration, and 
dispersion are inhibited by the increasing particle volume fraction due to inter-particle 
interactions. Importantly, the particles travel preferentially to the medial branches 
rather than to the lateral ones despite the uniform distribution of distal volumetric 
flow rate. The findings provide insights relevant to the optimization of targeted drug 
delivery in embolization settings. 
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Figure 1: (a) Geometry of the idealized bifurcation model with distal branches numbered. (b) 

Normalized bulk velocity of particles as a function of volume fraction. (c) Particle distribution 
among distal branches at Re~1500, showing a trend of favouring the medial branches (3 & 4). 
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Theoretical model for focused-light-induced cytoplasmic 
streaming (FLUCS) 

W. Liaoa, E. Laugaa

Recent experiments in cell biology have probed the impact of artificially induced 
intracellular flows in cell division and in the spatiotemporal organisation of cells and 
organisms1. Using focused light localised in a small region of the cell, a thermo-
viscous flow is induced globally inside the cell. This so-called focused-light-induced 
cytoplasmic streaming perturbs physical transport processes, allowing the investigation 
of cellular organisation. To enable future use of this method, quantitative models need 
to be proposed to link the external light forcing to the produced flows. In this work, 
we present a fully analytical theoretical model of the fluid flow induced by the focused 
light. We model the effect of the focused light as a small temperature change induced 
locally in the fluid, which causes a small change in both the density and the viscosity 
of the fluid2,3. In turn, this results in a local compressible fluid flow. We analytically 
solve for the flow field induced by a heat spot translating at speed U. We show that
the leading-order flow field (streamlines shown in Fig. 1) results from the thermal 
expansion of the fluid and is independent of the thermal viscosity coefficient. In 
particular, the leading-order velocity field is proportional to the thermal expansion 
coefficient and the size of the temperature perturbation imposed by the heat spot. The 
large-scale recirculation seen in the far field is a hydrodynamic source dipole with 
strength dominated by the effect of thermal expansion, not thermal viscosity changes. 
However, the leading-order net displacement of certain material points is due to both 
thermal expansion and viscosity changes and thus occurs at higher order; that effect is 
quadratic in the peak temperature change. Our quantitative findings show excellent 
agreement with recent experimental results4 and will help design new controlled 
experiments to establish the physiological role of physical transport processes inside 
cells, in particular for animal development. 

a Department of Applied Mathematics and Theoretical Physics, University of Cambridge, Wilberforce 
Road, Cambridge, CB3 0WA, UK 
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3 Weinert et al., Phys. Rev. Lett., 100, 164501 (2008).
4 Erben et al., Opt. Express, 29, 30272 (2021).

Figure 1: Streamlines for the flow field induced by a heat spot translating at speed U. 
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In-vitro experimental characterization of the cerebrospinal fluid 
flow and solute transport along the spinal canal 

F. Moral-Pulidoa, J. I. Jiménez-Gonzáleza, C. Gutiérrez-Montesa,
W. Coenenb, A. L. Sanchezc and C. Martínez-Bazánd

The present work studies the flow of the cerebrospinal fluid (CSF) and the 
associated transport of a solute along the spinal subarachnoid space (SSAS), induced 
by intracranial pressure fluctuations of angular frequency ω. The periodic variations of 
intracranial pressure induce the in and out movement of a small fraction of the total 
volume of CSF in the SSAS ΔV/V ~ ε << 1, which is accommodated thanks to the 
compliance of the canal1,2. To study this fluid-interaction problem, we have conducted 
in-vitro experiments of the dispersion of a solute in a simplified model to assess the 
effects of some of the control parameters, namely, the canal geometry, characterized 
by the local eccentricity β (constant and variable), the Womersley number α and the 
relative stroke volume, ΔV/V ~ ε. The results show that, although variations of the 
eccentricity do not alter the tidal volume flux, the velocity fields associated with 
different values of β are very different, being the transport maximized for values close 
to β = 0.42-0.45 and almost null for the concentric configuration β = 0. A variable 
eccentricity has been observed to induce the formation of recirculating cells along the 
SSAS, which hinder the transport of a solute. Furthermore, significantly different flow 
topologies have been observed for values of α in the range 3-15. Finally, the 
measurements have been compared and extended with use made of an asymptotic 
analysis formulation and direct numerical simulations3. The latter results show 
remarkable agreement with the experiments, and allows us to characterize the induce 
velocity profiles that corroborate the experimental results. 
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c
Dep. Mechanical and Aerospace Engineering, University of California San Diego, 9500 Gilman Dr, 

La Jolla, CA 92093, USA 
d

Dep. Mechanics of Structures and Hydraulic Engineering, University of Granada, Campus 

Universitario de Fuentenueva (Edificio Politécnico), Granada, Spain 
1 Sanchez et al., J. Fluid Mech. 841, 203 (2018).
2 Lawrence et al., J. Fluid Mech. 861, 679 (2019).
3 Gutiérrez-Montes et al., Applied Mathematical Modelling 94, 516 (2021).
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Ηydrodynamic diffusivity of red cells in small capillaries 

L.I. Kolitsia  and S. G. Yiantsiosa

Direct numerical simulations are presented of 2D and 3D simple shear and pressure-
driven channel flow of cell suspensions, as well as flow in capillaries of circular cross-
section. The presence, motion and deformation of cells are accounted for on the basis 
of the immersed interface method, implemented in the context of the finite element 
method. Deformable microparticles are also included to model blood-contained or 
pharmaceutical particles. The study focusses on the effects of the channel height or 
the tube radius, on the hydrodynamic diffusion characteristics of the contained 
particles. Although such effects are rather expected to be significant, they have not 
been systematically considered in the literature. The proximity with the bounding walls 
affects the mobility of the particles, even more so due to the low Reynolds-number 
prevailing conditions. For shear flows, the diffusivities increase monotonically with 
distance from the wall, due to the increasing cell mobility, and reach a channel-size 
dependent maximum at the channel center. For pressure-driven channel and tube 
flows, the diffusivities increase up to a distance from the wall, reaching again a vessel-
size dependent maximum, but then decrease due to the diminishing local shear rate. 
Near the channel center, where the mean shear rates vanish, diffusivities remain finite 
owing to convection from cross-flow sweeps, generated from the interaction of eddies 
formed in the opposing walls. It is suggested that the hydrodynamic mobility and its 
dependence on distance from the walls should be added to factors affecting the 
diffusivities, such as the local shear rate and the cell volume fraction and elasticity. 

a
Department of Chemical Engineering, Aristotle University of Thessaloniki, Greece.
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The importance of viscous stress for the mechanical loads on the 
human aorta wall 

D. Zrnića and G. Brenna

Cardiovascular diseases are among the most frequent reasons for human death 
worldwide1. Many of them are caused by hemodynamics due to, e.g., hypertension, 
stenoses and plaque formation. One particular kind of cardiovascular disease is aortic 
dissection, which is initiated by a rupture and delamination of tissue layers in the 
aortic wall2. Inflammation and pathological conditions of the tissue raise the risk of 
acquiring this disease. It is well known that, in order that the wall tissue remains 
healthy, the mechanical load on the aorta wall due to the blood flow must be in a 
certain range. The mechanical loads from the blood flow are due to both pressure and 
viscous stress. The present study investigates their respective contributions to the 
aorta wall stress, which are caused by various flow phenomena. The influences from 
both primary and secondary blood flow are quantified. 
Blood flow through the aorta is pressure-driven due to the action of the heart. It is by 
nature an unsteady flow of a non-Newtonian, shear-thinning liquid through a curved 
vessel3. Fluids flowing through curved ducts are subject to a centrifugal force, which 
may cause a flow instability inducing secondary flows. This flow instability was first 
analysed by Dean4. As a result of the centrifugal instability, pairs of streamwise 
vortices are formed, which, further to the axial downstream motion through the 
vessel, contribute to the wall shear stress. It is the aim of the present work to use 
numerical flow simulation to quantify geometric, dynamic and material properties 
influences on the formation of this type of secondary flow, and to quantify the 
contribution of the vortical motion to the total wall shear and normal stresses. A 
generic geometry including the three carotid arteries is modelled, accounting for the 
peripheral dynamics by a Windkessel model. The variation of the radius of curvature 
of the aortic arch of the vessel shows whether rather a small or a large radius of 
curvature is advantageous. The analysis of the unsteady flow reveals the time periods 
during the cardiac cycle with maximum risk for pathological aortic wall states. The 
variation of the state of blood flow, in terms of the maximum occurring flow velocity 
and the heart rate, allows unsteady flow conditions with high pathological potential to 
be identified. Furthermore, varying the blood material properties, as due to changes in 
the haematocrit value, reveals this influence on the studied effect.  
The conclusions from the present work will have benefit for the patients by aortic 
dissection management.  

a
Institute of Fluid Mechanics and Heat Transfer, Graz University of Technology, 8010 Graz, Austria 

1 Benjamin, E.J. et al., Circulation 139, e56 (2019).
2 Nienaber, C.A. et al., Nature Reviews 2, 1 6053 (2016).
3 Jafarinia, A. Et al., J. Biomed. Engng. Biosci. 7, 13 (2020).
4 Dean, W.R., Proc. R.Soc. London A 121, 402-420 (1928).
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A High-order Image-based Reference Map Technique for 
Incompressible Fluid-structure Interaction 

Hadi Zolfagharia, Lihao Liua, Carola-Bibiane Schönlieba, Rich Kerswella 

A fully-Eulerian high-order numerical method for simulation of incompressible fluid-
structure interaction (FSI) based on the reference-map technique (RMT) is presented. 
Fully-Eulerian FSI approaches such as RMT are especially promising for large parallel 
numerical simulations including multiple solid bodies interacting with complex flow 
scenarios, which appear in a wide range of applications such as blood flow in the heart 
and large blood vessels, solidification processes and granular flows. RMT1 is a 
relatively recent development in the field, and despite notable progress, the state-of-
the-art for this technique mainly includes second-order accurate methods for 
incompressible and compressible FSI. Herein, we develop a novel RMT scheme 
which resorts to a 6th-order finite-differences for spatial discretizations and a variety of 
3rd-order Runge-Kutta schemes for time integration. Two scenarios for handling the 
solid stresses are considered A) a level-set approach and B) an image-based 
registration method. For type A, the level-set function is explicitly integrated in time 
to track the fluid-solid boundary, along with the reference map function, which 
indicates the inverse of deformation mapping from the reference configuration. For 
type B, the solid deformation gradient data are extracted from existing images such as 
Cardiac Magnetic Resonance (CMR) scans. Fluid and solid Cauchy stresses are then 
calculated based on incompressible Newtonian and neo-Hookean constitutive laws, 
respectively. A time-adaptive artificial surface-tension is applied on the fluid-solid 
boundary in order to maintain the interface. Numerical oscillations at the solid-fluid 
boundary are treated by extending the reference-map slightly into fluid domain via a 
simple least-square bilinear extrapolation. For type A, primary benchmarks, including 
a soft rod deforming in shear flow as being advected and flapping flag are presented. 
For type B, an idealized test case of flow in the left-ventricle is presented. The method 
is developed inside a massively parallel flow solver, which resorts to an optimized 
MPI-CUDA domain decomposition suitable for large-scale realistic FSI simulations 
on numerous multicore CPU and manycore GPUs.  

a
DAMTP, Cambridge University, Wilberforce Rd, CB3 0WA, Cambridge, UK 

1  Rycroft, et al., Journal of Fluid Mechanics, 898, A9 (2020). 
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Quantifying the effect of a mask on expiratory flows 

P. Bourriannea, N. Xuea, Janine Nunesa,
Manouk Abkarianb and H.A. Stonea

Face masks are used widely to mitigate the spread of infectious diseases. While their 
main purpose is to filter pathogenic droplets, masks also represent a porous barrier to 
exhaled and inhaled air flow. In this study, we characterize the aerodynamic effect of 
the presence of a mask by tracking the air exhaled by a person through a mask, using 
both infrared imaging and particle image velocimetry performed on illuminated fog 
droplets surrounding a subject. We show how a mask confines the exhaled flows 
within tens of centimeters in front of a person breathing or speaking. In addition, we 
show that the tissue of common surgical face masks has a low permeability, which 
efficiently transforms the jetlike flows of exhalation produced during breathing or 
speaking into quasivertical buoyancy-driven flows. Therefore, wearing a mask offers a 
strong mitigation of direct transport of infectious material in addition to providing a 
filtering function. By comparing results on human subjects and model experiments, 
we propose a model to rationalize how a mask changes the air flow, and thus we 
provide quantitative insights that are useful for descriptions of disease transmission. 

a
Dep. Mechanical and Aerospace Engineering, Princeton University, Princeton, NJ 08544, USA

b
CNRS UMR 5048, INSERM UMR 1054, Université de Montpellier, 34090 Montpellier, France
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Glycocalyx layer: from a single fiber approximation to the dynamics of the whole layer 

A. Marousisa, V. Mitsoulasa, Y. Dimakopoulosa

The apical surface of the endothelial cells is covered by a network of membrane-bound 
glycoproteins and proteoglycans, which is well-known as the endothelial glycocalyx layer (EGL). 
Although a significant number of studies demonstrate the essential role of the layer in vascular 
physiology, EGL function has proven hard to study in vivo or in vitro due to its complex 
composition and small length scale. In this work, we investigate the dynamics of the endothelial 
glycocalyx under hemodynamic conditions that may be encountered in human microcirculation. 
Our main objective is to determine the EGL apparent permeability and Shear Modulus and predict 
its variance under the circumstances described above. 

To account for the Fluid-Structure Interaction phenomena developed between blood plasma and 
glycocalyx fibers, we proceed on microscopic three-dimensional Direct Numerical Simulations. We 
calculate the EGL apparent permeability and Shear Modulus in a way that emerges directly from 
the dynamics of the coupled system. To address the dependency of EGL on the heart rate, we 
perform shear pulsating experiments for a wide range of frequency values that correspond to either 
physiological or irregular heartbeat. Our simulations indicate that the apparent permeability of the 
layer is a monotonically increasing function of the bloodstream frequency. In addition, we account 
for a more realistic illustration of the microvessel, in which flow-regulated vasodilation and 
vasoconstriction are evident, resulting in the cycling widening and narrowing of the luminal surface. 
In this presence of vessel dilation, the hydrodynamic effects of blood plasma within the layer 
become more prominent; hence the permeability of the layer is enhanced. These results provide a 
deeper understanding of EGL function in real biological tasks and may contribute to the treatment 
of several diseases that have been associated with the glycocalyx. 

aLaboratory of Fluid Mechanics and Rheology, Department of Chemical Engineering, University of Patras, Greece 
1V Mitsoulas, S Varchanis, Y Dimakopoulos, J Tsamopoulos, Dynamics and apparent permeability of the glycocalyx 
layer: Start-up and pulsating shear experiments in silico, Physical Review Fluids 7 (1), 013102 (2021) 
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Resynchronizing the whole human heart 
after a bundle branch block 

F. Violaa, G. Del Corsoa, R. De Paulisb and R. Verziccoa,c,d

Cardiac resynchronization therapy (CRT) is a surgical treatment to restore the normal 
timing pattern of the heartbeat in patients with heart failure. However, approximately 
one-third of patients treated with CRT fail to respond due to the non–optimal position 
of the pacing leads1. In this study, the optimal CRT stimulation in terms of 
hemodynamics effectiveness is systematically investigated using a high-fidelity 
computational model based on the fluid–structure–electrophysiology interaction 
(FSEI2). Specifically, cardiac dyssynchrony is induced by blocking the left bundle branch 
in the electrophysiology system, which yields a delay in the electrical activation of the 
ventricular myocardium and a reduced ejection fraction (see Figure 1). A CRT is then 
implanted in-silico by mounting three leads: one in the right atrium, one in the right
ventricle and another in the left ventricle. The optimal (and suboptimal) positioning of 
the last lead is determined by considering several pacing sites across the coronary 
venous system. The hemodynamics benefits yielded by the CTR is thus quantified 
through integral measures of the oxygenated blood delivery such as the ejection fraction, 
but also monitoring large scale flow structures and wall shear stresses. 

a
Gran Sasso Science Institute, L’Aquila, Italy 

b
European Hospital of Rome, Italy  

c
University of Rome Tor Vergata, Italy 

d
Physics of Fluids group, University of Twente, The Netherlands 

1 Delnoy et al., Eur. Heart J. 30, 7 (2009).
2 Viola et al., Eur. J. Mech. B Fluids 79, (2020).

Figure 1: (a) Snapshot of the electrical activation of the heart. The green symbol indicates the 

CRT ventricular lead, which is placed through the coronary veins close to the last activated 
region. (b) Instantaneous hemodynamics at peak systole. 
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  On the role of electrophysiology uncertainties on cardiac 
pumping efficiency 

G. Del Corsoa, R. Verziccoa,b, F. Violaa

The human heart is a complex organ and its in-silico modelling requires the 
interaction of a fluid, a structural, and an electrophysiology solvers1. In particular, the 
electrophysiological model2 describes the depolarization of tissue, leading to muscle 
contraction, from the sinoatrial node to the ventricular myocardium via the fast 
conducting structures of the internodal bundles and  the Purkinje network. Each 
components of this model, however, entails with uncertainties (including the 
conductivity of the tissue, the properties and extent of the Purkinje network, the 
variability of the cellular models, as well as the orientation of the ventricular fibres) 
which can greatly affect the timely contraction of the myocardium and, therefore, the 
ability of the heart to pump blood. 

a
GSSI (Gran Sasso Science Institute), L'Aquila, Italy

b
Dep. of Industrial Engineering, Università di Roma “Tor Vergata”, Roma, Italy

1 Viola et al., Eur. J. Mech. B Fluids, 79, (2020).
2 Del Corso et al., J. Comput. Phys., 111084 (2022).

3 Blatman et al., J. Comput. Phys., 230, 2345 (2011). 

 Figure 1: Electrophysiological uncertainties and corresponding quantities of interest. View 

of the full model with coupled electrophysiology and fluid solver. 
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Hemodynamic simulation of the thoracic aorta in the presence of 
uncertainties, using a reduced-order polynomial chaos expansion 

C.A. Karliampasa, X.S. Trompoukisa, V.G. Asoutia and K.C.
Giannakogloua

The purpose of this paper is to investigate the sensitivity of the inlet flow profile in 
cardiovascular simulations of thoracic aorta. In-silico trials are being adopted as a 
preventive tool of vessel pathology, and clinicians depend on hemodynamic metrics, 
mainly the wall shear stress (WSS), to quantify related health risks. Due to limited, 
poor quality, patients’ data, it is a compromise to resort to idealized spatially 
distributed velocity profiles (parabolic, flat, plug)1,2 as the inlet boundary condition in 
undertaken simulations. This assumption introduces uncertainties which radically 
affect the numerical solution in the entire fluid domain. Velocity profile derived from 
the analytical solutions of the Navier-Stokes equations for blood flow has been 
proven to be a function of the non-dimensional Womersley number3. Thus, a 
normally distributed Womersley number is chosen to parameterize the imposed inlet 
velocity. The Computational Fluid Dynamic (CFD) simulations are performed using 
the in-house GPU-enhanced PUMA solver4. The solver is adapted to tackle 
cardiovascular fluid problems, incorporating the three-element Windkessel model 
which computes the instantaneous blood pressure applied at the outlets.  
     Real-time diagnosis of pathology requires fast predictions and, to this aim, the flow 
solution obtained from a set of time-intensive CFD evaluations should be reduced to 
the principal eigenvectors, later used for a fast reconstruction of the solution. A 
proper orthogonal decomposition polynomial chaos expansion method5 is proposed 
for the aforementioned problem, as a non-intrusive approach to analyze the velocity 
profile uncertainty propagation on hemodynamic metrics. The method appears to 
reliably reconstruct the CFD solution when a new Womersley number is assumed and 
a different inlet condition is examined. Results show the parameter’s uncertainty 
effects on the WSS in the ascending aorta, whereas its influence attenuates closer to 
the descending aorta. This work is supported by the MeDiTATe project, funded from 
the EU Horizon 2020 Research and Innovation Programme, under the Marie 
Skłodowska-Curie Grant Agreement No. 859836. 

a
Parallel CFD & Optimization Unit (PCOpt), School of Mechanical Engineering, National Technical 

University of Athens (NTUA), 9 Iroon Polytechniou str, 15780 Zografou, Greece 
1 Morbiducci et al., Journal of Biomechanics 46(1), 102 (2013).
2Antonuccio et al, Bioinformatics and Biomedical Eng. IWBBIO proceedings, 63 (2020).
3Womersley, Journal of Physiology, 127(3), 553 (1955)
4Asouti et al, International Journal for Numerical Methods in Fluids 67(2), 232 (2011)
5 Abdedou et al., Journal of hydrology 590, 125342 (2020).
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 Modelling the role of Von Willebrand Factor in initiating arterial 
thrombosis

E. F. Yeo1, J. M. Oliver a, N. Korin b and S. L. Waters a 

Thrombosis under pathologically high shear stresses relies on the protein Von 
Willebrand Factor (VWF). At high shear rates VWF unfolds, which exposes binding 
sites, and facilitates rapid platelet deposition and clot formation. Accurate prediction 
of clotting dynamics under high shear is a key part of developing safe and effective 
treatments.  We develop a reduced mathematical model for the initial stages of 
thrombosis in an idealised arterial stenosis.   

This extends current continuum models for thrombosis by explicitly modelling the 
VWF unfolding dynamics. We model VWF using a dilute limit of a nonlinear 
viscoelastic fluid model, the FENE-P model, such that the protein has a negligible 
contribution to the fluid viscosity but the influence of fluid shear on protein extension 
is retained. 

We exploit the slow timescale of thrombosis initiation to construct a reduced model, 
this allows us to examine the role of VWF in the cascade prior to rapid thrombus 
growth and vessel occlusion. Through numerical simulations we demonstrate that 
thrombus formation location is determined by the interaction between Reynolds 
number, arterial geometry and protein unfolding mechanics.  

1
Mathematical Institute, University of Oxford, United Kingdom

b Cardiovascular Nanomed Engineering, Technion, Israel 
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Hemodynamics in an infarcted heart: 
a sensitivity analysis on the size and location of the ischemic event 

F. Violaa, G. Del Corsoa, R. Verziccob,a,c

Myocardial infarction occurs when a coronary artery, perfusing the ventricles by 
oxygenated blood, is occluded by a clot and the affected district becomes ischemic (see 
Figure 1). The result is a progressive deterioration of electrical activity in the injuried 
region leading to cell death and local failure of muscle contraction1. In this work, we 
apply a high-fidelity cardiac computational model to study the hemodynamic efficiency 
after an ischemic event, when a region of the myocardium is necrotized owing to the 
prolonged absence of oxygenated blood (heart attack). We aim at understanding why 
after apparently similar infarction events, some patients have an impaired heart function 
while others are hardly affected2. The analysis is based on our fluid-structure-
electrophysiology interaction model (FSEI3), which can cope with the electrophysiology 
of the myocardium, including the fibers orientation, its active contraction and passive 
relaxation, the dynamics of the valves and the hemodynamics within the heart chambers 
and arteries. All these models are three–way coupled with each other, thus providing a 
predictive framework for capturing both the healthy and pathologic heart functioning. 
In particular, the ischemic region perturbs the elastic and electrophysiology properties 
of the myocardium which, in turn, loses contractility. Importantly, multiple ischemic 
events will be considered by varying the position and size of the impaired myocardium, 
depending on which coronary branch gets blocked (e.g anterior, anterior–septal, lateral 
and inferior), see Figure 1. For each case, the hemodynamics effectiveness in terms of 
transvalvular pressure drops, cardiac output, ventricle washout and wall shear stress will 
be measured in order to determine what are the sensitive parameters affecting the 
diseases evolution and detection. 

a
Gran Sasso Science Institute, L’Aquila, Italy 

b
University of Rome Tor Vergata, Italy 

c
Physics of Fluids group, University of Twente, The Netherlands 

1 Hall et Guyton, Elsevier Health Science (2010).
2 Corder et al., EJ Am. Coll. Of Card. 65, 10 (2015).
3 Viola et al., Eur. J. Mech. B Fluids 79, (2020).
4 Cerquiera et al., Circulation 105, (2002).

Figure 1: a) 17-sector model of the left ventricle by the American Society of Echocardiography4 

and corresponding b) anterior infarct (occlusion of LAD artery) c) anterior-septal infarct 
(occlusion of LAD) d) lateral infarct (occlusion of LCX) e) inferior infarct (occlusion of RCA). 
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Numerical Prediction of Blood Flow in Arteries, Interacting with 
Walls, on GPUs 

B.K. Chitneedia, X.S. Trompoukisa, V.G. Asoutia and K.C. 
Giannakogloua 

The problems involving two-way interaction of fluids and structures are very common 
in engineering applications. Particularly in the field of biomechanics, it is of prime 
importance to be able to realistically model the problem and solve it accurately with a 
reasonable computational cost. In this article, a tool for the Fluid-Structure Interactions 
(FSI) simulations of vascular blood flows, running on Graphics Processing Units 
(GPUs) is presented. The FSI simulations are performed, according to the partitioned 
approach, with the GPU-enhanced Finite Volume CFD code, PUMA 1 (developed by 
the PCOpt/NTUA) for fluids, coupled with the open-source finite element solver, 
CalculiX2, for the vessel walls. PUMA employs second-order upwind scheme for the 
spatial discretization on unstructured grids and dual-time stepping. The flow is assumed 
to be laminar, and the non-Newtonian behaviour of the blood is represented using the 
Carreau model 3. The isotropic linear elastic model of CalculiX is used for the arterial 
wall computations. The GPUs are used for the prediction of flows, which are expensive 
due to the fine mesh which is stretched close to the walls. The structural analysis uses 
much coarser meshes and runs inexpensively on the CPU. The data mapping of loads 
and displacements is done between the non-matching meshes over the interface. 

The Wall Shear Stress (WSS) plays a significant role in various vascular diseases like 
aneurysms, coarctations and atherosclerosis. FSI simulations performed on patient-
specific geometries of thoracic and abdominal aortas with realistic flow conditions may 
help in deciding the best treatment on a case-by-case basis. The temporal velocity profile 
at the inlet and the 3-element Windkessel pressure model at the outlet are imposed. 
Hemodynamic metrics like WSS are computed on the wall and certain rupture risk zones 
are identified in the aortic arch and bifurcation zone. To investigate the influence of the 
Carreau viscosity model on the WSS distributions, Newtonian fluid simulations are 
performed and comparisons are made. 

____________________ 
a National Technical University of Athens (NTUA), School of Mechanical Engineering, Parallel CFD & 
Optimization Unit, Athens, Greece. 

1 V Asouti et al., International Journal for Numerical Methods in Fluids. 67, 232 (2011) 
2 Dhondt, G., Wiley, (2004)
3 Shibeshi SS et al., Appl Rheol. 15(6), 398 (2005) 
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Deformation dynamics of healthy and diseased red blood cells in flow 

Sainath Ha, Sarith P. Sathianb 

Red blood cells have a highly deformable, viscoelastic membrane exhibiting complex rheological behaviour 

in microcirculation. Hematological disorders emerging from infectious diseases (i.e. malaria), hereditary 

factors (i.e. sickle-cell anaemia, spherocytosis, G6PD deficiency), conditions related to HIV, blood cell 

cancers and other environmental influences can lead to significant changes in shape, mechanical and 

physical properties of  the cells, eventually affecting blood microrheology. Under such pathological 

conditions, a higher blood flow resistance can be observed, leading to potential capillary occlusions. The 

present study focuses on studying the deformation dynamics encountered by healthy, schizont stage 

malaria-infected cell and type 2 diabetes mellitus affected RBC flowing through cylindrical and rectangular 

microchannels using dissipative particle dynamics (DPD). A deeper understanding of  cell behaviour and 

morphology could be realized by subjecting it to pulsatile pressure gradients, often encountered in 

arterioles. To study such effects, we employed a three dimensional, high fidelity in-silico RBC model, which 

accounts for membrane viscoelasticity, area incompressibility and bending resistance of  the lipid bilayer, 

along with the volume incompressibility of  the cell cytoplasm to capture realistic cell behaviour. After 

completing the rigorous model validation process, healthy and diseased cells are subjected to systolic and 

diastolic phases with various pulsation amplitudes and frequencies, keeping the mean flow rate constant. 

We observed tumbling, tank treading, parachute cell shapes, and unique shape transitions under various 

confinement sizes and pulse loading waveforms. An in-depth comparison of  cell dynamics in different 

pathological states is also examined. The simulation results offer a practical understanding of  cell dynamics 

at microcirculation and greatly aid in identifying disease-specific biophysical markers in flow. 

a,b Department of Applied Mechanics, Indian Institute of Technology Madras, Chennai 600036, India 
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Red blood cell shape transitions and dynamics in time-dependent 
capillary flows 

K. Graessela, S. M. Recktenwaldb, F. M. Maurerb, T. Johnb, C. Wagnerb,c,
and S. Geklea

The dynamic behavior of red blood cells (RBCs) characterizes the blood flow 
through the capillary system. In small microchannels of size comparable to the RBC 
dimensions, the cells flow in characteristic shapes, mainly symmetric croissants at the 
channel center and non-symmetric off-centered slippers1. Their occurrence is 
determined by the channel dimensions, flow velocity, and initial conditions and has 
been studied in detail under constant flow. In this study, we investigated the behavior 
and shape transitions of single RBCs in time-dependent flow through microchannels2. 
We use three-dimensional boundary integral method simulations of single RBCs. In 
corresponding experiments, the single cell is tracked with a feedback-controlled 
technique along the flow direction for several centimeters in a comoving frame. 

Simulation and experiment show that the transition from the croissant to the 
slipper shape is much faster than for the opposite transition. The orientation of the 
RBC membrane during the time-dependent flow influences its dynamics and 
pronounced rotation and tumbling of the cell prolong the latter transition. We observe 
that the center of mass of slipper cells shows lateral oscillations which are due to the 
tank-treading movement of the RBC membrane. The oscillation frequency increases 
with the cell velocity and the viscosity of the surrounding fluid. Our experimental 
method allows detailed study of the transition between different RBC shapes and the 
dynamics of slipper-shaped cells in time-dependent flow. This has not been 
investigated experimentally so far, due to the technical limitation of observation at 
fixed channel positions. Detailed comparison of these microfluidic experiments with 
our simulations suggests that the reason for the difference in transition times is the 
sensitivity of the system to the orientation of the cell at the beginning of the transition 
process. 

a Biofluid Simulation and Modeling, Theoretische Physik VI, University of Bayreuth, Germany 
b Dynamics of Fluids, Department of Experimental Physics, Saarland University, Germany 
c Physics and Materials Science Research Unit, University of Luxembourg, Luxembourg 
1 Guckenberger et al., Soft Matter 14, 2032 (2018).
2 Recktenwald et al., Biophysical Journal 121, 23 (2022).
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Convection velocity in a turbulent compressible boundary layer: an 
input/output analysis. 

F. Alizarda, T.Gibisb, C. Wenzelb , B. Selentb and U. Ristb

 A linear input/output approach is used to analyse the scale-dependent turbulent 
convection velocity of coherent eddies in a adiabatic turbulent compressible boundary 
layer  at freestream Mach number M=2 for different wall-normal positions. For this 
purpose, the convective velocities for various flucuating components (velocities and 
temperature) are extracted from the power spectral densities (PSDs) associated with 
the Navier-Stokes equations linearized around a turbulent mean flow profile1 by using 
a density-weighted triple decomposition (see Figure 1).  
 Existing numerical simulation database of turbulent compressible boundary layers2 

will then be used to validate the method against classical ones3.  
 Finally, the limitation of applicability of the Taylor’s hypothesis for supersonic 
turbulent boundary layers will be discussed, also in the light of previous results 
focusing on the incompressible case. 

a
Laboratoire de mécanique des fluides et d’acoustique,

Claude Bernard University Lyon 1, Villeurbanne, France 
b Institute of Aerodynamics and Gas Dynamics, 
University of Stuttgart, 70569 Stuttgart, Germany 
1 Liu and Gayme, J. Fluid Mech. 640, 5 (2009). 
2 Wenzel, Gibis and Kloker, J. Fluid Mech. 930, A1 (2022). 
3 Del Alamo and Jiménez, J. Fluid Mech. 888, A32 (2020). 

Figure 1: Distribution of the convection velocity dimensionless by the mean velocity in the 
spanwise/streamwise characteristic lengths plane (shown in inner units and represented in  a 
logarithmic scale) computed using the linear model for the wall-normal position y+=15 and a 
friction Reynolds number Ret=500. 
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Hysteresis behavior in the wake of a transverse circular cylinder in 
the transonic region 

M. Coulioua and V. Briona

The flow past a circular cylinder in a crossflow configuration has been investigated 
over a range of free-stream Mach number M0 from 0.30 up to 0.85, given a Reynolds 
number based on the diameter of the cylinder in the range 0.45 to  1.5 million. The 
effect of the cylinder boundary layer is investigated by tripping it at an angle from 0° 
to 50° from the upstream stagnation point. Measurements combine recording of the 
unsteady pressure at the wall of the cylinder and Schlieren high-speed visualisations. 
Variations of wake topology implying large variations of cylinder drag are found in the 
transonic region1,2. From M0 0.80 to 0.85, the wake is found to evolve from vortex 
shedding (VS Wake, Fig.1a) to stationary shock taking birth at the cylinder surface 
with parallel shear layers (PSL Wake, Fig.1.b) and crossed shear layers with divergent 
shock waves (CSL Wake, Fig.1c). The highlight of the presentation is on the transition 
from one wake configuration to another. 2 methodologies -an increase of M0 by step 
increment or by gradual variation- have been used and reveal a sensitivity of the wake 
to its cylinder boundary layer state and its history which significantly affect its 
topology. For a given controlled state of the cylinder boundary layer, a gradual 
increase and decrease of M0 between 0.80 and 0.85 demonstrate hysteresis behaviors 
of the wake flow (Fig.1d) which do not seem to have been described before.  

a
Dep. d’Aérodynamique, Aéroacoustique et Aéroelasticité, ONERA, 92190 Meudon, France 

1 Ackerman et al , AIAA Journal . 47, 9 (2009).).
2 Xia et al., AIAA Journal 54, 6 (2016).

Figure 1: Instantaneous Schlieren visualisation for (a) VS wake, (b) PSL wake  (c) CSL 
Wake (d) Evolution of the  pressure coefficient on the base of the cylinder Cb,p for 
increasing M0 (black) and for decreasing M0 (grey) 
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Compressibility effects in supersonic and hypersonic turbulent 
boundary layers at high Reynolds numbers 

M. Cogoa,d, F. Salvadoreb, M. Bernardinia and F. Picanoc,d

In recent years the scientific community have shown a renewed interest in study of 
hypersonic flows for several applications both in the public and private sector. For the 
design of new high-speed aircraft and re-entry vehicles is essential to predict the drag 
and heat flux generated at the boundary of the vehicle, where boundary layers are 
present. However, the classical theories, from which lots of engineering models are 
developed, are not able to handle high thermal fluxes at the solid boundaries and 
intense pressure waves, which increase considerably at high-Mach numbers.  
Even though some recent studies1 are starting to analyse the effects of high 
compressibility on turbulent structures near the wall, there is a lack of reference data 
at moderate-high Reynolds numbers, which is essential to investigate highly turbulent 
flow typical applications. In this work we aim to provide some insights in this 
direction simulating supersonic and hypersonic turbulent boundary layers with slightly 
cold wall using Direct Numerical Simulation at M=2 and M=5.86 with friction 

Reynolds number of Re=2000. Figure 1 shows a preview of the flow dynamics for 
the supersonic and hypersonic cases, where a much more intense fluctuating field can 
be observed in the latter case.  
The present simulations extend the available database for wall-bounded flows, 
allowing us to test the accuracy of several compressibility transformations2 and 
temperature-velocity relations3. More details on the flow configuration and 
quantitative analysis will be given in the final paper. 

a
Department of Mechanical and Aerospace Engineering, Sapienza University of Rome, via 

Eudossiana 18, Rome, Italy
b

HPC Department, CINECA, Rome office, via dei Tizii 6/B, 00185 Rome, Italy 
c   Department of Industrial Engineering, via Venezia 1, 35131 Padova, Italy 
d 

Centro di Ateneo di Studi e Attività Spaziali 'Giuseppe Colombo', via Venezia 15, 35131 Padova, 

Italy 

1 Zhang et al., AIAA J. 56, 4297,(2018). 
2 Griffin et al., P. Natl. Acad. Sci USA 118 (2021)
3 Zhang et al., J. Fluid Mech. 739, 392 (2014)

Figure 1: Density contours in a wall normal plane of a turbulent boundary layer at supersonic 

(a) and hypersonic (b) conditions.
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Stable or unstable? The effect of compositional perturbations on 
thermoacoustic stability 

Animesh Jaina, Luca Magrib,a 

Combustion noise is a major source of noise in aircraft engines and gas turbines. 
The reduction of air pollutant emissions calls for lean flames, which burn unsteadily 
because they are sensitive to the combustion chamber's turbulent environment. 
Moreover, improper mixing and air cooling gives rise to inhomogeneities in 
temperature and composition of the flow. These inhomogeneities can accelerate 
downstream of the nozzle by the mean flow and generate noise. However, if these 
acoustic waves reflect back and if they are sufficiently in phase with the heat released 
by flame, thermoacoustic instabilities can occur. In this work, we derive quasi-one-
dimensional equations using conservation laws for non-isentropic multicomponent 
nozzle flows. We calculate the indirect noise nozzle transfer functions for different 
Helmholtz numbers and friction factors in subsonic and supersonic flows. We show a 
qualitative study on the effect of different compositions, nozzle Helmholtz number 
and non-isentropicity on the thermoacoustic stability of a laboratory-scale combustor, 
Rijke tube, with one end open and the other choked with a non-isentropic nozzle. The 
nozzle Helmholtz number, friction factor and composition change the phase and 
amplitude of the waves that are reflected off the nozzle. When these waves are 
sufficiently in phase with the heat released by the flame, according to the Rayleigh 
criterion interpreted in the frequency domain, the thermoacoustic system is linearly 
unstable. The analysis shows that the compositional perturbation, friction and the 
spatial extent of the nozzle guide vane can have a key effect on thermoacoustic 
stability. 

This study provides physical insights into compositional noise and its effect on 
combustor's stability, which opens new possibilities to accurately predict indirect noise 
and instabilities in aeronautical gas turbines. 

a
Department of Engineering, University of Cambridge, Cambridge CB2 1PZ, UK

b
Imperial College London, Aeronautics Department, London, UK 
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An IMEX-DG scheme for the compressible Navier-Stokes 
equations with general equation of state  

G. Orlandoa, P. F. Barbantea and L. Bonaventuraa

The efficient numerical solution of the compressible Navier-Stokes equations is one 
of the most relevant goals for computational fluid dynamics. For flow regimes 
characterized by low Mach numbers and moderate Reynolds numbers, severe time 
restrictions are present in the case of standard explicit time discretization techniques. 
In this talk, we propose an efficient and robust solver for the compressible Navier-
Stokes equations with general equation of state1. Our goal is to derive a scheme that 
can then be easily extended to handle multiphase compressible flows. The method, 
which is based on a h-adaptive Discontinuous Galerkin spatial discretization and on an
Additive Runge Kutta IMEX (ARK-IMEX) scheme for time discretization, is tailored 
for low Mach number applications and allows to simulate this kind of regimes at a 
reduced computational cost, while keeping full accuracy also in case of higher Mach 
number flows. Following2, with the goal of obtaining a robust method in the low 
Mach number limit, we couple implicitly the energy equation to the momentum one, 
while treating the continuity equation in an explicit way. Moreover, in order to obtain 
an efficient formulation also in presence of non-negligible viscous terms, we resort to 
an operator splitting approach and we split the hyperbolic part, that is treated by the 
IMEX extension of the scheme proposed in 2, from the diffusive terms, which are 
treated using the implicit part of the IMEX scheme.  

The scheme has been implemented in the framework of the deal.II numerical
library3 and it is effective also for real gases equations of state. Appropriate indicators 
for real gas phenomena will also be introduced. A number of classical benchmarks 
and their extension to real gases show the properties of the proposed method.  

a
MOX, Dipartimento di Matematica, Politecnico di Milano, Piazza Leonardo Da Vinci 32, 20133 

Milano, Italy 
1 Orlando et al., preprint arXiv:2111.13167 (2021).
2 Dumbser and Casulli, Applied Mathematics and Computation 272, 479 (2016).
3 Bangerth et al., ACM Transactions on Mathematical Software 33, 24 (2007).

Figure 1: Adaptive mesh for cold bubble test case 
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A multigrid solver for the coupled pressure-temperature equations 
in an all-Mach solver with VoF 

Youssef Saadea, Detlef Lohsea,b and Daniel Fusterc 

We present a generalisation of the all-Mach solver1 to account for heat diffusion 
between two different compressible phases. By solving a two-way coupled system of 
equations for pressure and temperature using a multigrid solver, the current code is 
shown to increase the robustness and accuracy of the solver with respect to classical 
explicit discretization schemes. Different test cases are proposed to validate the 
correct implementation of the thermal effects. An Epstein-Plesset like problem is 
studied, where a temperature gradient exists across the bubble wall and drives the 
flow. The temporal evolution of the bubble radius is shown to compare well with a 
spectral method solution. The code also reproduces free small amplitude oscillations 
of a spherical bubble. As the equilibrium radius decreases, the Peclet number 
associated with the bubble oscillations also decreases. Analytical solutions therefore 
predict a transition from adiabatic to isothermal oscillations. A good agreement 
between the simulations and the theory is achieved. In addition, we show results of a 
single sonoluminescent bubble (SBSL) in standing waves, where the result of the DNS 
is compared with that of other methods in the literature. Besides capturing the thermal 
effects, our code exhibits the most damping as compared to the other methods for it 
solves for the compressible effects in the liquid, and thus accurately predicts the 
emission of shockwaves (Fig 1). Finally, the collapse of a bubble near a rigid boundary 
is studied reporting a change of heat flux as a function of the stand-off distance. 

Figure 1: Pressure field p(r,t) in the region occupied by a sonoluminescent bubble (red curve). 

a Physics of Fluids Group, Max Planck Centre for Complex Fluid Dynamics, MESA+ Institute and 
J.M. Burgers Centre for Fluid Dynamics, University of Twente, P.O. Box 217, 7500 AE Enschede, The
Netherlands
b Max Planck Institute for Dynamics and Self-Organisation, Am Fassberg 17, 37077 Göttingen,
Germany
c Sorbonne Université, Centre National de la Recherche Scientifique, UMR 7190, Institut Jean Le Rond
∂’Alembert, F-75005 Paris, France
1 Fuster and Popinet, J. Comput. Phys. 374, 752 (2018).
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The influence of geometry in compressible flow-focusing 
for small devices 

B. N. Muñoz-Sáncheza, A. Rubioa, J. M. Montaneroa, and M. G. 
Cabezasa 

Flow focusing (FF) produces jets and drops smaller than the emission orifice by 
hydrodynamic means. Since the original plate-orifice design1, several FF devices have 
been developed. One of the most popular is the Gas Dynamic Virtual Nozzle 
(GDVN), as it has become a common tool for liquid sample supply for X-ray Free-
Electron Laser (XFEL) experiments2. GDVNs were originally glass capillary-based. 
However, the use of modern 3D printers has reduced the fabrication time and 
increased the reproducibility of the devices2. Additionally, it has allowed reducing the 
sizes of the GDVN orifices searching to produce thinner jets. 

The effect of the geometrical parameters on the stability of the jet emission has 
been studied for limited pressure drops and large sizes, compared to those possible 
nowadays3. In this work, we experimentally study the effect of the main geometrical 
parameters (needle and orifice diameters and distance between them) on the stability 
of the emitted jet using the plate-orifice configuration with orifices down to 30 μm. 
This configuration was preferred to avoid the meniscus whipping4 risk in GDVNs due 
to undesired flow throttling inside the device. Our experiments will search for the 
optimum conditions for the jet emission for Newtonian fluids. Finally, we will study 
whether the recently observed viscoelastic transition5 affects the optimum geometrical 
conditions for low viscoelastic fluids. 

a
Dep. Ingeniería Mecánica, Energética y de los Materiales and Instituto de Computación Científica 

Avanzada (ICCAEx), Universidad de Extremadura, Badajoz, Spain. 
1 Gañán-Calvo, Phys. Rev. Lett. 80, 285 (1998).
2 Vakili et al., J. Synchrotron Radiat. 29 (2022).
3 Vega et al., Phys. Fluids 22, 064105 (2010).
4 Acero et al., J. Micromech. Microeng. 22, 065011 (2012).
5 Rubio et al., Phys. Rev. Fluids submitted.

Figure 1: Water focused with air using the plate orifice configuration. Pressure was 

atmospheric upstream and 85 mbar in the discharge cell. The injection nozzle and the orifice 
are 30 μm in diameter, and the distance between them was varied. 
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Mixing characteristics of scramjet combustor with passive struts 
using data-driven modal decomposition technique 

Prasanth P Naira and Vinod Narayanana 

The mixing and combustion of fuel occur at supersonic velocities in a scramjet engine. 
Since the mixing and combustion take place at high velocities, analyzing the mixing of 
air and fuel in the engine is of great interest for many researchers. In the present 
study, two passive struts are placed at a short distance downstream of the fuel 
injection strut. The effect of these passive struts in the mixing of air/fuel is assessed. 
Hybrid RANS/LES simulation is conducted using an improved delayed detached 
eddy simulation (IDDES) turbulence model1. The single strut configuration is 
compared with the three strut configurations. The mixing efficiency is highly affected 
by the placement of passive struts. The mixing performance is found to be superior in 
the strut configuration having high back-pressure. Data-driven modal techniques such 
as Proper Orthogonal Decomposition (POD) 2 and Dynamic mode decomposition 
(DMD) 3 have been used to analyze the mixing characteristics. Figure 1 shows the 
POD decomposition of the lateral velocity without neglecting the mean flow. The 
modal analysis found the different modes that were responsible for the mixing 
enhancement at different sections of the combustor. The modes have high intensity 
when close to shock-shear layer interaction (SSLI); this suggests that SSLI is 
important for mixing enhancement. The broadband noise is observed in all the 
configurations due to large-scale mixing. DMD reveals the modes responsible for the 
peak amplitude in the noise. 

a
Mechanical Engineering Discipline, IIT Gandhinagar, Gujarat, India, 382055 

1 Shur et al., Int J Heat Fluid Flow 29, 6 (2008).
2 Fischer et al., Appl. Sci. Res. 56, (1996).
3 Schmid, J. Fluid Mech. 656, (2010).

Figure 1: POD decomposition of lateral velocity. 
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Numerical investigation of the gas jet formation immediately after 
opening a champagne bottle 

L. Wagnera,b, S. Braunb and B. Scheichla,b

This contribution presents the numerical simulation of the emissive behaviour of 
pressurized CO2 gas inside a Champagne bottle in the first few milliseconds after the 
cork popping. The proposed flow configuration1 assumes an ideal gas undergoing an 
axisymmetric adiabatic expansion and thereby propelling the cork, taken as a solid 
object, in the axial direction. The numerical solution of the Euler equations for each 
time step is typically found via Godunov’s method, receiving the waves and 
corresponding fluctuations from a specifically modified HLLE-solver, all implemented 
inside the CLAWPACK software. Some issues concerning the shock capturing and its 
stability are discussed. The analysis mainly focuses on the dynamics of the Mach disk 
created between the cork and the bottle opening. The correct prediction of the 
isentropic change of state there demonstrates the reliability of the simulated transient 
behaviour of the flow. As an interesting finding, the actual state of the Mach disk 
appears to depend sensitively on the actual fluid-cork interaction. Furthermore, 
comparing the position of the Mach disk for a series of time steps reveals a high 
correlation between the results obtained through simulation and real experiment1. In 
particular, the appearance of the shock wave after half a millisecond, its disintegration 
and even the proposed1 retraction behaviour of the newly created second wave can all 
be observed in both cases. A refined model incorporating dry friction between the cork 
and the bottleneck is also addressed. 

a
AC2T research GmbH, Wiener Neustadt, Austria. 

b Institute of Fluid Mechanics and Heat Transfer, TU Vienna, Austria. 
1 Liger-Belair et al, Sci. Adv. 5, 1 (2019).

Figure 1: Left: distance between the Mach disk and the bottle opening (blue) and between the 

Mach disk and the cork (orange); right: density contour plot at 1.7ms after the popping. 
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Direct forcing immersed boundary method on Cartesian 
adaptative 

grids for the resolution of Euler equations in atmospheric reentry 
configuration  

I. Midaniad, V. Ledermannac, E. Constanta, M. Spela, S. Galerab, J.
Annalorob, L. Stainierc, P. Boivind, J Favierd

Atmospheric re-entry models have been for several years important topics at the 
forefront of research in computational fluid dynamics, due to its complex multiphysics 
modeling and its crucial industrial applications, setting-up a permanent trade-off 
between fidelity of results and CPU costs. Being able to accurately model the 
aerodynamic forces during all types of re-entries with high-fidelity predictions is a 
major challenge. The main challenge is due to ablation phenomena which require a re-
meshing process, taking days to weeks of engineering time for complex geometries.  

To overcome these issues, a new approach is proposed using adaptative mesh 
refinement (AMR) method on an 3D linear-octree Cartesian mesh where the 
compressible formulation of Euler equations is solved. The major drawback of this 
type of approach comes from the quality of the near-wall modeling due to the nature 
of Cartesian meshes. Many methods have emerged since to overcome these problems. 
Among them are the popular cut-cell, overset and Immersed Boundary Methods 
(IBM), the latter being chosen for the present work. IBM is a popular approach 
classically used to model fluid flows around curved and/or moving bodies, introduced 
Peskin1 for biological flows and extended afterwards to a large variety of applications 
in many contexts. 

In the present work, we propose an adaptation of the direct forcing IBM developed 
previously by the team23 for the resolution of the compressible Euler equations in 
hypersonic flow configurations. We will present an overview of the entire 
methodology including the new IB method, and preset validation test-cases comparing 
our results with reference numerical and experimental data. First a complete analyze 
on a 3D sphere case where convergence and accuracy of the method are presented. 
Comparisons on local pressure coefficient and integrated forces with references are 
then shown on simple shapes: cube, sphere and cylinder. To conclude we will present 
some comparisons on results obtained on a real re-entry vehicle.  

a R.Tech , Parc Technologique Delta Sud, 10 Rue Jean Mermoz, 09340 Verniolle, France 
b Centre National des Etudes Spatialles (CNES), 18 Av. Edouard Belin, 31400 Toulouse, France 
c Institut de Recherche en Génie Civil et Mécanique (GEM), 1, rue de la Noë, 44321 Nantes, France 
d Laboratoire de Mécanique, Modélisation & Procédés Propres (M2P2), 38 Rue Frédéric Joliot Curie, 
13013 Marseille, France  
1 C.S Peskin et al., Journal of Computational Physics, 10, 252 (1972)
2 A Pinelli et al., Journal of Computational Physics, 229 9073 (2010)
3 E Constant et al., Computers and Fluids, 157, 55 (2017)
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Compressible lattice Boltzmann method for rotating overset grids 

Heesik Yooa, Julien Favier and Pierre Sagaut 

Lattice Boltzmann method (LBM) is considered as a powerful approach for many industrial applications 

thanks to its low computational cost for high fidelity resolutions. Although the method suffers from 

instability issues in the compressible or high Reynolds number flows, they are successfully being overcome 

by using advanced LBM particle collision operators, such as the recursive regularized collision model [1, 2]. 

An important issue is whether the compressible LBM model is still able to maintain its stability and accuracy 

in the context of complex numerical systems, using overset grids for instance (so called, Chimera mesh). 

The rotating overset grid is one of the classical methods to actualize the rotating geometries in 

computational fluid dynamics, and it has been analyzed in the LBM framework in the context of athermal 

(weakly compressible) flows [3,4]. However, to the author’s best knowledge, no LBM model has 

demonstrated so far its capability to simulate compressible flows over the overset grids. In this work, we 

use the compressible recursive regularized collision model to stabilize the high-Mach flow conditions. 

Fictitious forces inside the rotating region are discretized using the Guo’s forcing term. Quadratic 

interpolations are applied at the border of the rotating and fixed grids to perform the communications 

between both grids. Thermal properties are computed through the entropy equation which is solved based 

on high order MUSCL-Hancock scheme. The results show that the proposed numerical LBM framework 

is able to capture the essential physics of high mach flows through rotating geometries, with the expected 

accuracy and relatively low computational cost. 

_____________________________ 

a M2P2-CNRS, 13013 Marseille, heesik.yoo@univ-amu.fr 
1 Farag, G. and Zhao, S. and Coratger, T. and Boivin, Pierre and Chiavassa, G. and Sagaut, Pierre, A pressure-based regularized 

lattice-Boltzmann method for the simulation of compressible flows, Physics of Fluids, 2020. 
2 Coratger, T. and Farag, G. and Zhao, S. and Boivin, P. and Sagaut, P., Large-eddy Lattice-Boltzmann modelling of transonic 

flows, Physics of Fluids, 2021. 
3 Hang, R., Sun, C., Li, Y., Satti, R., Shock, R., Hoch, J., Chen, H. Lattice Boltzmann Approach for Local Reference Frames, 

Communications in Computational Physics, 9(5), 2011 
4 Yoo, H. and Bahlali, M. and Favier, J. and Sagaut, P., A hybrid recursive regularized lattice Boltzmann model with overset grids 

for rotating geometries, Physics of fluids, 2021. 
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New reduced order models 
for real-time data assimilation using few sensors 

A. Moneyrona, P. Jacqueta, G. Le Papea, M. Ladviga, A. M. Picarda,
V. Resseguierab, D. Heitzb and G. Stabilec

To successfully monitor and actively control hydrodynamic and aerodynamic 
systems, it can be critical to estimate and predict the unsteady flow around them in real-
time. Thus, we introduce a new algorithm to couple on-board measurements with fluid 
dynamics simulations and prior data in real-time without the need to rely on large 
computational infrastructure. This is achieved through a combination of a Proper 
Orthogonal Decomposition Galerkin method, a stochastic closure1, new efficient 
statistical estimators and a particle filtering scheme. 

Impressive numerical results have been obtained for a 2-dimensional and 3-
dimensional wake flows at moderate Reynolds far from the learning window, using a 
single measurement point2. As a benchmark, the same procedure was done with a 
reduced order model with optimally fitted eddy viscosity and additive noise, and our 
method surpasses its flow estimation capabilities, as illustrated by Figure 1. 

Our methodology is now implemented on the OpenFOAM-based ROM library 
ITHACA-FV3. In order to address higher Reynolds numbers, we now consider the 
hyper-reduction (DEIM4) of non-polynomial terms appearing in turbulence models 
(e.g., LES). 

Figure 1: Q-criterion from the reference 8-dimensional representation (projection of the 3D 
DNS at Reynolds 300 onto the POD modes) (left), our reduced data assimilation (middle), and 

a reduced data assimilation benchmark (right). The position of the assimilated pointwise 
measurement (blurred and noisy velocity) is indicated by the large red dot. 

a
Lab, SCALIAN DS, Espace Nobel, 2 Allée de Becquerel, 35700 Rennes, FRANCE

b
OPAALE , INRAE, 17 Av. de Cucillé, 35000 Rennes, FRANCE

c
G. Rozza Group, SISSA, Via Bonomea, 265, 34136 Trieste TS, ITALY

1 Resseguier, V. et al. (Accepted). SIAM/ASA J Uncertain Quantif. [Preprint]
2 Resseguier V. & al. (2021, under review). In J. Comp. Physics. [Preprint]
3 Stabile, G., & Rozza, G. (2018). Comput. & Fluids, 173, 273-284 
4 Chaturantabut, S., & Sorensen, D. C. (2010). SIAM J Scient. Comp., 32(5), 2737-2764).
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The effect of slip on the development of flow separation due to a 
bump in a channel

S. Ceccaccia, S. A. W. Calabrettob, C. Thomasa and J. P. Denierc

Control of flow separation plays a crucial role in the laminar-turbulent transition 
process. In this numerical study, the effect of surface slip on the flow in a constricted 
channel is presented, with the aim of exploring the use of surface slip as a way to 
control flow separation1,2. Our focus is on two-dimensional flow in a channel over a 
bump, with a fixed aspect ratio, upon which a Robin-type slip boundary condition is 
imposed. When the channel walls are fully no-slip, such a flow is known to develop a 
region of separation behind the bump, at sufficiently large Reynolds numbers3. The 
effect of slip on the separation bubble dynamics occurring behind the bump is 
investigated, for Reynolds numbers 2000 and 4000. It is shown that surface slip (i) 
attenuates the intensity of separation as it diminishes the minimum of the streamwise 
velocity within the recirculation region; (ii) delays the onset of flow separation, shifting 
it downstream, along the bump, and (iii) reduces the dimensions of the separation 
bubble behind the bump, allowing the flow to reattach sooner. Ultimately, slip inhibits 
separation, with both the points of separation and reattachment coalescing, for a slip 

length λ of approximately 0.2.  

a
School of Mathematical and Physical Sciences, Macquarie University, NSW 2109, Australia

b
 School of Engineering, University of Leicester, Leicester LE1 7RH, UK 

c
Reined in Solutions, Sydney, NSW 2075, Australia 

1 Thompson and Troian, Nature, 389 (1997).
2 Hadjiconstantinou, J. Fluid Mech., 912 (2021).
3 Ehrenstein and Gallaire, J. Fluid Mech., 614 (2008).

Figure 1: Contour plots of the streamwise u-velocity for the Reynolds number Re = 2000 and

slip length (a)  = 0 (no-slip), (b)  = 0.1, (c)  = 0.2. Secondary plots highlight the regions of 
separation, in red, where u < 0. 
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On-off pumping for drag reduction in a turbulent channel flow 

G. Foggi Rotaa,b, A. Montia, M. E. Rostia and M. Quadriob

Flows alternating between laminar and turbulent regimes are often encountered in 
nature and in industrial applications. Their understanding has progressed significantly 
in recent years1,2, but is still incomplete. In particular, a brief and intense acceleration 
followed by a longer period of decay is a pattern that, once periodically applied, may 
lead to a reduction of turbulent friction drag3. Indeed, the way power is injected over 
time to a pumping system to maximize performance is one of the least considered (yet 
one of the simplest) approaches to flow control.  

In this DNS-based work, a turbulent channel flow is driven by pulsed pumping. 
The periodic forcing is described by the length of the duty-cycle and the duration of 
the period (see inset in fig.1(a)). The study is computationally demanding due to the 
strong temporal variation of the flow rate. Since the very concept of drag reduction 
becomes elusive in a context where the reference is unclear, a proper metric is 
introduced to assess the performance of the on-off forcing.  

The outcome of our study is twofold. First, a portion of the parameter space is 
investigated, unequivocally demonstrating the ability of the forcing to yield significant 
savings.  

Second, it is found that these savings can be ascribed to the alternation of a quasi-
laminar and a fully turbulent state. The random transition among them is marked by a 
knee in the temporal development of the bulk velocity (point B in fig.1(a)). A partial 
re-laminarization is attained at the end of the acceleration phase (point A in fig.1(a)). 
Between A and B, the flow dynamics is dominated by intense anomalous streaks, 
fig.1(b), whose instability and sudden breakup leads to turbulence. The ability to 
control their lifetime and intensity is essential to achieve successful control. 

a
Complex Fluids and Flows Unit, OIST, Okinawa, Japan 

b
Dep. Aerospace Sciences and Technologies, Politecnico di Milano, Italy 

1 He et al., Int. J. Heat Fluid Flow 57, 130 (2016).
2 Kern et al., J. Fluid Mech. 927, A6 (2021).
3 Kobayashi et al., Int. J. Heat Fluid Flow 88, 108783 (2021).

Figure 1: (a) Pressure gradient (inset) and bulk velocity during one forcing period. (b) Positive 
(red) and negative (blue) contours of the streamwise velocity fluctuations among A and B. 
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On the link between bluff body wake rotation and bi-stability 

S. S. Panesara, H. Xiaa & M. A. Passmorea

Symmetry breaking instabilities are fundamental to turbulent flows and can have a 
profound effect on drag. Rectilinear geometries (trucks, MPV’s) exhibit stochastic 
switches between reflectional symmetry breaking (RSB) and preserving (RSP) states1. 
Despite having no straight edges, axisymmetric wakes (spheres2, bodies of revolution3) 
are also dominated by an anti-symmetric vortex shedding mode. Ideally, the initially 
chosen shedding plane would stay fixed or rotate periodically around the periphery of 
the shape, but a chaotic re-orientation is frequently documented in the literature. To 
further understand the dynamics associated with the switch, in this work a half-
axisymmetric surface mounted bluff body (Fig.1a) is studied with Particle Image 
Velocimetry (PIV) and base pressure measurements. With a single symmetry plane, bi-
stability is ensured and a spanwise coherent shedding frequency is encouraged by 
eliminating the corners.  

Dimensionality reduction (POD) used in conjunction with a wavelet analysis 
reveals that most of the turbulent kinetic energy in the wake is attributed to a balance 
between RSB and RSP states. Despite having a continuous separation line, phase 
correlations between pressure taps on the periphery of the base confirmed the 
presence of shedding cells4 which form irregularly separating regions of different 
convective velocity. Vortex dislocations and splitting are explored as the mechanism 
facilitating a conservation of vorticity at cell interfaces in the wake. In addition, strong 
correlation is found between symmetry breaking events and a switch in streamwise 
wake rotation (Fig.1b/c). This re-orientation is coupled with an instantaneous increase 
of zero phase lead/lag across the span indicative of symmetric, bubble pumping 
behaviour3,5 and a base pressure drag reduction. 

Figure 1: (a) Half-Axisymmetric Model; (b) Isolated bi-stable switch event with centroid of 

pressure (red) and net phase difference (blue). (c) First POD mode associated with positive 
and negative wake rotation. Contours show through-plane and streamlines in-plane fluctuation. 

a Dept. of Aeronautical and Automotive Engineering, Loughborough University, LE11 3TU, UK
1 Grandemange et al., Phys. Rev. E 86 (3), 35302 (2012a).
2 Berger.et al., Journal of Fluids and Structures 4 (3), 231-257 (1990).
3 Rigas et al. J. Fluid Mechanics., 778, 1-10 (2015).
4 S. Szepessy. Phys. Fluids., 6, 2406 (1994).
5 Duell et al. SAE Technical Paper 1999-01-0812. (1999). 
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Sensitivity of bluff body pressure drag to multi-scale wake 
coupling 

D. Baoa, J. Boréea, C. Sicota, C. Roebroeckb and Y. Haffnera

The main wake of a ground vehicle is responsible for about 70% of the aerodynamic 
drag and interacts in a non-linear way [1, 2] with all other drag sources along the 
vehicle.  The present study is a model survey of wheel-wake interactions. The 3-D 
wake of a square-back bluff body in ground proximity is experimentally perturbed by 
placing a pair of D-shaped obstacles under the body (see fig. 1a). The obstacle width d
and the relative distance l from the obstacles to the base of the body are systematically
varied to perform a sensitivity study. Two successive drag-sensitive regimes are 
identified for l/d<2.5, where the pressure drag of the body is increased up to 22% [3].
In these two regimes, the scaling laws for the pressure drag and the flow dynamics 
measured downstream the obstacles are found to be very different. However, in both 
regimes, we measure a mean mass transfer from the wake of the body to the wakes of 
the obstacles. Using our results and reference studies describing the effects of base 
suction on the pressure drag of bluff bodies, a physical model will be proposed to 
explain the contrasting scaling in different regimes. Finally, as shown in figure 1(b), 
such a pressure drag sensitivity is observed in an applied configuration by varying the 
distance between the rotating rear wheels and the base of the body. 

a
Institut Pprime-UPR 3346, Futuroscope Chasseneuil, France.

b
MFP Michelin, Site de LADOUX, Clermont-Ferrand, France. 

1 Barros et al., J. Fluid Mech. 829, R1 (2017).
2 Bonnavion and Cadot, J. Fluid Mech. 854, 196-232 (2018).
3 Bao et al, J. Fluid Mech. 936, A2 (2022).

Figure 1: Base drag evolution of a bluff body perturbed by a pair of obstacles (a) and 
by four rotating wheels (b). The base drag is quantified by 25 pressure taps on the 
base. In (a), the base drag is presented as relative values to the unperturbed case. 
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Characteristics of the flows induced by miniature vortex generators 
in a turbulent boundary layer 

C. I. Chana, R. C. China

Passive control of a turbulent boundary layer (TBL) using miniature vortex generators 
(MVGs) is studied using a well-resolved large-eddy simulation of a spatially evolving 
zero pressure gradient TBL up to 𝑅𝑒𝜏 = 1350. Preliminary results are presented on the 
flow statistics related to the streamwise extent high- and low-speed regions (HSR and 
LSR) induced by the MVGs. Figure 1(a) shows the time-averaged streamwise velocity 
in the HSR and LSR. The velocity defect in the mean flow profile is estimated by 
comparing the downward shift of the log-law constants, as shown by the grey lines in 
figure 1(a). Vertical solid line denotes 𝑦/ℎ ≃ 0.5, yields Δ𝑈+ = −1.5 and Δ𝑈+ = 1.0 at the 
LSR and HSR, respectively. The velocity defect is related to the skin friction variation. 
While low-speed fluid is lifted from the wall and reduces the mean wall shear stress and 
results in a skin friction drag reduction at LSR, high-speed fluid is transported towards 
the wall and increases the skin friction drag at the centre of HSR. Figure 1(b) shows the 
velocity perturbation, defined as (𝑢 − 𝑈)/𝑈∞, showing the presence of streamwise roll-
modes induced downstream of the MVG. The inset in figure 1(b) shows the local 

spanwise skin friction variation at 𝑥 = 25ℎ, defined as 𝐷(𝑥, 𝑧) = (𝜏�̅� − 𝜏𝑤,0̅̅ ̅̅ )/𝜏𝑤,0̅̅ ̅̅ ,

where 𝜏�̅� = 𝜈(𝑑�̅�/𝑑𝑦)|𝑦=0 is the time-averaged wall shear stress and subscript 0 refers to

the smooth case. We observe that HSR is associated with an increase of skin friction up 
to 𝐷 ≃ 0.15 at 𝑧/ℎ = 0, accompanied with a similar skin friction reduction rate centred 
at the LSR. Finally, to further elucidate the MVG flow modification on the turbulent 
statistics, we employed a triple decomposition of the velocity components, which reads 

as: 𝑢𝑖(𝑥, 𝑦, 𝑧, 𝑡) = 〈 𝑢𝑖〉(𝑥, 𝑦) + 𝑢𝑖
′(𝑥, 𝑦, 𝑧, 𝑡) + 𝑢�̃�(𝑥, 𝑦, 𝑧) = 𝑢𝑖(𝑥, 𝑦, 𝑧) +  𝑢𝑖

′(𝑥, 𝑦, 𝑧, 𝑡), where 𝑢𝑖
′

and  𝑢�̃� are the turbulent and coherent fluctuations, respectively. The coherent 
fluctuation is the spatial variation of the time-averaged flow due to MVG. The total 
fluctuation 𝑢𝑖

′′ = 𝑢𝑖
′ + 𝑢�̃� is equal to the sum of the turbulent and coherent fluctuations. 

Comparisons of the coherent stresses (red and blue dotted-dash lines) over the HSR, 
LSR and globally (overall), illustrate the flow modifications introduced by the MVGs, 
as presented in figure 1(c). 

Figure 1: (a) Comparisons of the time-averaged streamwise velocity at 𝑥/ℎ = 25. Grey lines 

denote the linear and log-law regions with 𝜅 = 0.41 and 𝐶 = 3.7, 5.2 and 6.2 in the arrow 
direction. (b) Velocity excess (𝑢 − 𝑈)/𝑈∞ > 0 associated with the HSR and velocity deficit (𝑢 −

𝑈)/𝑈∞ < 0 associated with the LSR at 𝑥/ℎ = 25. Inset shows the local skin friction variation. (c) 

Comparisons of the time-averaged streamwise velocity stresses: 𝑢′′2, 𝑢′2 and 𝑢2̃.

a
School of Mechanical Engineering, University of Adelaide, South Australia 5005, Australia. 
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Turbulent channel flow under streamwise travelling waves

M. Umaira, S. Tardub and O. Dochec

Although it is well established that the streamwise travelling waves (STWs) are capable 
of producing significantly larger drag reduction (DR) margins compared to the simple 
homogeneous wall oscillation (HWO) control1, the reason for their better performance 
still remains unknown. In the present study we aim to identify and analyse the direct 
effects arising from the STWs that results in their better performance. We considered 
several cases with amplitudes (A) ranging from 0.15 to 1.25 (outer units) at fixed angular 
frequency and wavenumber of 0.16 and 1.66 (outer units), and compare them with the 

optimum case for HWO2 (𝐴+ = 12, 𝑇+ = 100 at 𝑅𝑒𝜏  = 200). Here ( )+ implies

scaling with inner units and 𝑅𝑒𝜏 is the friction Reynolds number. 
We find that at large forcing amplitudes, the intercomponent transfer between the 

Reynolds stresses fade away in the low buffer layer (Fig. 1). The spanwise Reynolds 
stress component is autonomously produced and self-sustained purely by Stokes strain 

effects. The most spectacular modifications occur in the 𝜕𝑤/𝜕𝑥 shear layers. These 
shear layers become strongly inclined in the spanwise direction and alternates between 
positive and negatively values quite coherently. However, no topological signatures of 
these shear layers were found in the active eddies' regeneration process. 

a Univ. Grenoble Alpes, Grenoble-INP, LEGI, F-38000 Grenoble, France. 
b Univ. Grenoble Alpes, CNRS, Grenoble-INP, LEGI, F-38000 Grenoble, France. 
c Univ. Grenoble Alpes, CNRS, Grenoble-INP, SIMAP, F-38000 Grenoble, France. 
1 Quadrio et al., J. Fluid Mech. 627, 161 (2009).
2 Touber and Leschziner, J. Fluid Mech. 693, 150 (2012).

Figure 1: (a) Spanwise Reynolds stress component, and (b) its budget, for different cases. All the 

quantities are normalized with inner units based on the friction velocity (𝑢𝜏) of the controlled cases. In
Fig.(b), solid, dashed and dotted lines represent the production, dissipation and velocity-pressure gradient 
terms, respectively.
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Boundary layer stabilisation by Miniature Vortex Generators 

A. Szabóa, P. T. Nagya M. Vanierschotb and G. Paála,

For aerodynamic bodies, skin friction is responsible for the main part of the total 
drag; hence, skin friction reduction can potentially lead to significant energy saving. 
Among the many known skin-friction reduction techniques, delaying laminar-
turbulent transition can be considered as one of the most promising ones. In the case 
of a low external disturbance environment, laminar-turbulent transition is triggered by 
the two-dimensional Tollmien-Schlichting (TS) waves. It is well known that 
introducing spanwise mean velocity gradient (SVG) can decrease the growth of the TS 
waves and therefore delay laminar-turbulent transition. A SVG can be generated in 
several ways; a recently proposed, attractive method is using miniature vortex 
generators (MVGs). MVGs do not require an external energy source, and are proven 
both theoretically and experimentally to be able to generate a robust streaky boundary 
layer with SVG that can dampen the growth of TS waves1,2. Although MVGs have 
received considerable attention in recent studies, the optimum MVG parameters are 
unknown. This is because most of the studies concerned with MVGs were 
experiments in which examination of many parameter combinations is cumbersome, if 
not impossible. Numerical studies are more suitable for parametric investigations. 
However, previous numerical studies3,4 modeled MVGs with idealized vortices, and 
the connection between the MVG geometry and vortex parameters is unclear. In this 
study, we aim at filling this gap by investigating more MVG parameters than previous 
studies. This is carried out with the use of simplified models (solution of the stationary 
three-dimensional Navier-Stokes equation, Boundary Region Equations, BiGobal 
stability analysis, and Parabolized Stability Equations) and efficient numerical 
techniques (low-order unstructured finite element with the combination of distributed 
sparse linear algebra). First, the details of the numerical solution with some promising 
advancements are discussed. Then, the stability of the boundary layer modified by 
MVGs with different parameters is presented. 

a
Dept. Of Hydrodynamic Systems, Faculty of Mechanical Engineering, Budapest University of 

Technology and Economics, Műegyetem rkp. 3., Budapest 
b

Dept. of Mechanical Engineering , KU Leuven, Celestijnenlaan 300, B-3001 

Group T Leuven campus, Leuven, Heverlee, Belgium 
1 Fransson, Procedia IUTAM. 14, 385-393 (2015).
2 Sattarzadeh and Fransson , Phys. Rev. E 94, 2, 021103 (2016).
3 Martín and Paredes, Theor. Comput. Fluid Dyn. 31, 505–517 (2017).
4 Martín and Paredes, Energies 14, 2147 (2021)
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Large-scale opposition flow control 

A. Gusevaa and J. Jiménezb

Control of turbulence in wall-bounded turbulent flows is one of the important 
challenges in fluid dynamics; industrial devices where such flows appear can benefit 
from resulting drag reduction or increase in mixing. One of the most successful 
control strategies is to interfere with the near-wall turbulent cycle, suppressing the 
formation of streamwise vortices close to the wall. This strategy can be implemented 
in the form of opposition flow control, i.e., active modification of the near-wall flow 
by blowing and suction. Its conventional setup consists of measuring wall-normal 
velocity in the buffer layer (y+~10) and opposing it at the wall. However, small 
lifetimes and length scales of flow structures in the buffer layer render this control 
method impractical.   

In this talk, we will explore the possibility of implementing the opposition flow 
control with a detection plane further away from the wall, in the logarithmic layer 
(y+~100), where control could be feasible experimentally. We apply control on a fully 
turbulent, numerically modelled channel flow at Reτ=932, only on the eddies with 
relatively large wavelengths (λ/h > 0.1). Similarly to the buffer layer opposition 
control, this control strategy results in a virtual-wall effect for the wall-normal velocity, 
creating a minimum in its intensity. However, it also induces a large response in the 
streamwise velocity and Reynolds stresses near the wall, with a substantial drag 
increase. The structure of the near-wall turbulence is significantly modified, and 
spanwise-homogeneous rollers or oblique waves are observed in the flow. We will 
show that these flow structures and related to them increase in friction can be 
predicted with a linearized model of the turbulent channel flow. The linearity, 
governing the flow, opens a possibility to affect large scales of the flow in a controlled 
manner when enhanced turbulence intensity is desired. 

a
Dep. Applied Mathematics, University of Leeds, Leeds LS2 9JT, UK

b
School of Aeronautics, Universidad Politécnica de Madrid, 28040 Madrid, Spain 

Figure 1: Near-wall oblique waves induced by large-scale opposition flow control, 
visible in the instantaneous snapshot of streamwise velocity fluctuations at y+~10.  
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 Wall-bounded turbulent flow and equilibrium states with 
spanwise wall oscillation in plane Couette flow 

Y. Benganaa, Q. Yangb and Y. Hwanga

The spanwise wall oscillation forms an unsteady shear layer that interacts with the 
near-wall structures of wall-bounded turbulence and can significantly reduce turbulent 
skin-friction. Jung et al. 1992(1) has shown this to yield a drag reduction up to 40% at 

T+ ≈ 100. This control is defined by two parameters, the amplitude Aw+ and the
period T+ of the wall oscillation normalized with the uncontrolled DNS viscous units.
There are numerous attempts to explain the mechanisms behind drag reduction by 
spanwise wall oscillation without reaching a consensus (Ricco et al. 2021(2)). We wish 
to present how spanwise wall oscillation control affects the state space dynamics of 
plane Couette flow. We constrain the configuration to the minimal flow unit at Re =
400 so that z

+ = 110, where z
+ is the spanwise wavelength. This restriction limits the 

dynamics to only one integral length scale. We choose to use the Hamilton et al. 
1995(3) box size as it sustains turbulence for a long time at this Reynolds number. 

We have investigated various equilibrium solutions each of which has an upper and a 
lower branch. It is found that the upper branch is highly affected by the control 
compared to the lower branch in terms of drag reduction. Moreover, the saddle-node 
points of the equilibrium solutions are pushed by the control to a higher Reynolds 
number associated with reductions in the number of unstable manifolds and 
indicating a delay in turbulence transition. The control was found to significantly 
change the state space dynamics.  Indeed, the analysis of phase portraits shows that 
the size of the state space supporting the turbulent state is reduced, and the upper-
branch equilibrium solutions become less repelling. Consequently, this leads to a 
significant reduction in turbulence lifetime. Finally, the suppression of the lift-up 
effect of streaks is found as the principal mechanism of exact coherent structures 
stabilization. 

a
Department of Aeronautics, Imperial College London, South Kensington, London SW7 2AZ, UK

b
State Key Laboratory of Aerodynamics, China Aerodynamics Research and Development Centre, 

Mianyang, 621000, PR China. 

1 Jung et al., Phys. Fluids A 4, 1605 (1992).
2 Ricco et al., Prog. Aerosp. Sci. 123, 100713 (2021).
3 Hamilton et al., J. Fluid Mech. 287, 317 (1995).
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Mean resolvent operator of a statistically steady flow 

Colin Leclercqa, Denis Sippa 

 This work addresses the relevance of linear time-invariant (LTI) input-output 
models of statistically steady flows, in relation to flow control and resolvent/modal 
analyses about a mean flow. The existence of a transfer function or resolvent operator 
is indeed inherent to LTI systems, but fully-developed unsteady flows do not fall into 
that category. However, it is well-known that resolvent analysis about a mean flow 
often yields insightful results regarding coherent structures and amplification 
mechanisms producing them1. It is also known that small-amplitude harmonic 
forcings may be used to identify transfer functions from actuators to sensors which 
are relevant for control purposes2. Finally, it is commonly observed that modal 
analysis about the mean of a periodic flow yields both the fundamental frequency of 
that flow and the associated coherent motion3.  

To clarify these observations, we lift the ad hoc assumption of linearization about a
mean flow and investigate the time-dependent character of the linear response to forcing
of the fluidic pinball and the backward-facing step flows, by impulsively forcing the 
time-varying tangent system at different instants. Using the mean impulse response, 
we compute the corresponding mean frequency response and compare it with the 
frequency response about the mean flow (see figure 1). Excellent agreement is overall 
observed, but key differences are also noted.  
 Using the harmonic balance framework, we then elucidate the connection between 
the two transfer functions, which allows us to justify the aforementioned observations 
from the literature, in the case of periodic and quasi-periodic flows. We show that 
small-amplitude harmonic forcings may be used to identify a unique LTI operator 
even though the base flow is time-varying. This transfer function is the statistically 
optimal LTI representation of the input-output behaviour based on the mean resolvent 
operator. Properties of this operator are studied, and connections are drawn with the
resolvent operator about the mean flow and the Koopman operator. 

a
DAAA, ONERA, Université Paris Saclay, 8 rue des Vertugadins, 92190 Meudon, France 

1 Cossu et al., J. Fluid Mech. 619, 79-94 (2009)
2 Dahan et al., J. Fluid Mech. 704, 360-387 (2012)
3 Pier et al., J. Fluid Mech. 458, 407-417 (2002)

Figure 1: Fluidic pinball at Re=100, mean velocity and streamlines (left); mean transfer function 
in solid blue versus line transfer function about the mean flow in dashed red line (right), from 
volume force actuator Bu near the top cylinder to vertical velocity probe n°2 in the  wake.
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Optimal control for shear flows using Reinforcement Learning

Amine Saibia,b, Onofrio Semerarob and Lionel Mathelinb

 Numerous research efforts have been devoted to the application of control 
theory to fluid flows in the last decades. Common approaches consist of reduced 
order models of the original system, often within the linear limit, for enabling the 
control design based on standard control theory However, these approximated 
representations are also the main drawback of standard applications, as these 
control techniques usually exhibit poor performance when applied in off-control 
design; an example is provided by the impact that non-linearities have on the 
dynamics of the closed-loop when neglected1.  

 An alternative is represented by fully data-driven methods where a physical 
model is not employed; Reinforcement Learning (RL) algorithms allow such a 
strategy while preserving optimality of the control solutions. Indeed, some RL 
algorithms can be regarded as a fully data-driven counterpart of the discrete-in-
time optimal control strategies based on the Bellman equation, where the policy -
- i.e. the control action --  is directly learnt from the interaction of the system with
the environment without relying on an a-priori physical model2. The relevance of 
a policy at a given state is measured by the reward and the expected cumulative 
rewards (or value function) is the objective to be maximized. When neural 
networks are employed as the approximation format, the framework is referred 
to as deep RL (DRL). Recent works show the feasibility of the approach for the 
control of instabilities classically found in fluid mechanics systems3. 

 In this contribution, we focus our attention on the application of the Deep 
Deterministic Policy Gradient, an actor-critic DRL algorithm, already used in our 
team for the control of chaotic regimes4. We aim at clarifying the connection 
between RL and optimal control, and present numerical demonstrations based on 
the control of the Ginzburg-Landau equation. Leveraging the low computational 
costs and the physical features of the system, a thorough parametric analysis is 
performed with the aim of analysing the impact of low/partial observability. 
Finally, these results will be put in perspective by comparing the DRL policy with 
standard optimal controllers. 

a  JR-D'Alembert, UPMC--Sorbonne Université, Paris, France 
b Dataflot--Meca Dept, LISN, CNRS, Université Paris-Saclay, Orsay, France 

1 Sipp and Schmid, Appl. Mech. Rev. 68-2, (2016) 
2 Sutton and Barto, Reinforcement learning: An introduction, MIT press (2018) 
3 Rabault et al., J. Fluid. Mech., 865 281-302 (2019) 
4 Bucci et al., Proc.R.Soc.A, 475-2231, 20190351 (2019) 
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Inner-Scaled Helmholtz-Resonators for Turbulent Boundary Layer 
Flow Control 

R. Siebolsa, G. Dacomea and W. J. Baarsa

An experimental study is presented towards the use of surface-embedded and inner-
scaled Helmholtz-Resonators (HRs), as a passive turbulent boundary layer (TBL) flow 
control method. Because of the inherent acoustic pressure-velocity coupling at the 
interface of the HR neck and the grazing flow, the near-wall turbulence kinetic energy 
and turbulent skin friction can be manipulated. It is hypothesised that a reduction in 
turbulent skin friction can be achieved when the HRs are tuned to both the temporal 
and spatial scales of the near-wall cycle turbulence events, since these play a major role 
in the near-wall production of turbulence energy. As such, the adopted design strategy 
has a spatial tuning corresponding to the most efficient attenuation of the intensity of 
sweep events1, while the temporal tuning of the HR resonance tone is based on the 
streamwise wavelength of the most energetic wall-normal velocity fluctuations.  

In the experimental study, a parametric sweep is performed on both a single HR and 
a small array of HRs under a grazing TBL at Reτ≈2200. The flow response is captured 
using wall-pressure measurements, hot-wire anemometry and particle image 
velocimetry (PIV). Spectral analysis of the hot-wire measurements provides insight into 
whether the anticipated energy attenuation of the near-wall cycle is achieved. Quadrant 
analysis and variable-interval time averaging are used to present the changes in the 
intensity of both sweep and ejection events. The results from PIV give a detailed insight 
into the cyclic flow features that appear over a full period of the harmonic response of 
the HRs. 

Figure 1: (Left) Arrays of surface-embedded HRs interact with specific scales of the grazing
turbulent flow (figure not to scale). (Right) Noise-corrected acoustic pressure spectra for HRs
with d0

+
 =80 at various design resonance frequencies. 
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1 Silvestri et al., Exp. Fluids, 58, 58 (2017) 
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Robust transition delay in supersonic boundary layer using 𝑯𝟐/𝑯∞ 
feedback synthesis 

P. Nibourela, C. Leclercqa , F. Demourantb, E. Garniera and D. Sippa

At very high speed, the heat generated by the transition to turbulence of a boundary 
layer becomes a major constraint for the design of hypersonic vehicles. The present 

study deals with reactive control of a 3D boundary layer at 𝑀𝑎∞ = 4.5  to delay 
transition due to first oblique Mack mode (see figure 1a). To the best of our 
knowledge, the reactive control of a supersonic boundary layer has not been addressed 
in the literature, all supersonic studies employing a predetermined active action1,2. 
Beyond its compressible component, the novelty of this study lies in its desire to 
obtain a robust controller, which differentiates it from previous research in the case of 
the incompressible boundary layer flow that focused mainly on the optimal 
performance aspect with a feedforward configuration³. In our 3D study, a robust law 

is obtained by using a feedback setup combined with a structured mixed 𝐻2/𝐻∞ 
synthesis to guarantee both stability and performance robustness, as this design 
method offered the best trade-off between performance and robustness for the 

second Mack mode disturbance rejection in our 2D boundary layer case⁴. The linear 

reduced order models (ROMs) (see figure 1b), which correspond to the identification 
of the transfers required for the controller synthesis as a state-space representation, 
have been obtained by the subspace identification method ERA. The control laws 
resulting from the off-line syntheses will be implemented in the full DNS to verify 
that we can effectively delay transition to turbulence due to first Mack mode. 
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DAAA, ONERA, 8 Rue des Vertugadins, 92190 Meudon, France

b
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1 Sharma et al., J. Fluid Mech. 873, 1072 (2019).
2 Jahanbakhshi et al., J. Fluid Mech. 916, A46 (2021).
3 Morra et al., J. Fluid Mech. 883, A33 (2020).
4 Nibourel et al., 55th 3AF International Conference, (2021).

Figure 1: (a) First oblique Mack mode in a Mach 4.5 boundary layer. (b) Comparison of the 

dominant singular values from the ROM (red circles) and the linearized DNS (blue lines) for a 
transfer function matrix from the actuators to velocity fluctuation sensors. 

(a) (b) 
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Non-intrusive sensing of viscoelastic fluid flow using 
convolutional neural networks 

A. G. Balasubramaniana, R. Vinuesaa and O. Tammisolaa 

Turbulent flow of viscoelastic fluids has gained attention in the drag-reduction and 
flow-control communities, since a few parts per million of polymer has proven 
efficient in reducing friction drag in pipe flows1. Drag reduction by polymers 
(elasticity) is related to their ability to modify coherent structures in wall-bounded 
turbulence2. Numerical studies3,4 indicate that the viscoelastic flow is dominated by 
long streaks disrupted by rapid and localised perturbations, whereas the Newtonian 
flow displays short streaks and more chaotic dynamics. In flows of practical interest, 
numerical simulations become challenging due to the high computational cost. On the 
other hand, experimental investigations of drag reduction in viscoelastic flows are 
limited by the near-wall measurements and the capability of the experimental 
techniques to accurately quantify the flow, without disturbing it. 
In the objective of the present study, the idea of non-intrusive sensing has been 
applied to a viscoelastic channel flow to predict the velocity fluctuations near the wall 
using the quantities that can be measured at the wall such as the wall-shear and 
pressure. To this end, fully convolutional neural network (FCN) models5 are 
employed to predict the two-dimensional velocity fluctuation fields at different wall-
normal distances in a viscoelastic channel flow. The present work would highlight the 
capability of a data-driven approach to model turbulence in non-Newtonian fluid 
flows. In addition to this, the developed non-intrusive sensing models may also be 
useful in applications related with experiments and in closed-loop control of wall-
bounded turbulence in viscoelastic flows. 

Figure 1: (Top row) Reference DNS velocity fluctuations of (left column) streamwise (middle 
column) wall-normal and (right column) spanwise components at a viscous-scaled wall-normal 
distance of y+ = 15 and (bottom row) the corresponding predictions from FCN. The fields are 

scaled with corresponding root-mean-squared (RMS) values. 
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5 Guastoni et al., J. Fluid Mech. 928, A27 (2021).
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Comparison of feature-based analysis with correlation techniques of a 
turbulent boundary layer under spanwise wall oscillation

Kushal U. Kempaiaha, Fulvio Scaranoa

Spanwise wall oscillations alter the organisation of low-speed streaks and ejections in 
turbulent boundary layers eventually leading to skin friction drag reduction. The 
modifications are predominantly represented by pointwise statistics or spatial correlation. 
This work attempts to quantify the systematic distortions of the dominant turbulent 
structures by feature-analysis, intended to overcome the dispersion observed in point-wise 
statistics and correlation functions. Data from tomographic particle image velocimetry is 
employed to develop the mechanism that inhibits hairpin auto-generation as described in 
Kempaiah et al (2020)1. A spatial template is defined for low-speed streaks and flow 
ejections based on the instantaneous distribution of Reynolds stress terms. The approach is 
compared with statistical analysis, to explain the significance of the features extracted by the 
detection algorithm in relation to the drag reduction mechanism. The properties of these 
events, comparing stationary and oscillating wall in a drag-reducing regime (A+

osc= 100, 
T+

osc= 100) are investigated in the near-wall region (y+ < 100). The results indicate that for 
the oscillating wall, the probability density function of the sidewise tilt (γ) is spread out. 
With a rise in probability close to 30° for the ejections. The correlation technique fails to 
identify the distribution of γ due to spatial dispersion associated with the averaging process. 

 Figure 1: (a) Ejection events extracted from the feature detection algorithm from a tomographic-

PIV snapshot over the oscillating wall (flow from left to right) (b) isolated ejection event with a red 
line indicating the axis (c) phase averaged auto-correlation map of the streamwise-wall normal 

velocity fluctuations at y+=20 (d) distribution of γ for the case of the stationary and oscillating wall 

with a vertical line to indicate the inclination obtained from the averaging of the correlation maps. 

a
Faculty of Aerospace Engineering, Delft University of Technology, 2629HS, Delft, The Netherlands

1
Kempaiah et al., Phys. Fluids 32(8), 085111 (2020).

(a) (b) 

(c) 

(d) 
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Hydrodynamics of spheres pulled along the air-water interface 

F. Kamoliddinova, I.U. Vakarelskia, T.T. Truscotta and S.T. Thoroddsena

High-speed imaging is used to study the movement of a floating sphere pulled 
horizontally along an air-water interface. The spheres are 5 and 10 cm in diameter and 
are half the water density becoming half-submerged. We investigate the flow dynamics 

in the subcritical Reynolds number range of Re = 2  104 to 2  105 by changing the 
pulling force and pulling angle.  Increasing the pulling force creates three distinct 
Froude number regimes (i.e. low Fr<0.6, intermediate 0.6<Fr<1.2 and high Fr>1.2).  
In the low Fr regime, the sphere moves with little disturbance of the water surface, 
while meandering sideways on the surface, with drag close to half that of a fully 
submerged sphere. In the intermediate Fr regime, a sphere develops a front wave and 
back wake pattern, together these force the sphere underwater, increasing the drag 
force. In the high Fr regime, the sphere movement changes to a periodic dipping 
below and surfacing above the initial water surface. The periodic vertical motion 
reduces the average drag force (Fig. 1a)1. By varying the pulling angle of the sphere, 
we observe several new hydrodynamic regimes for the largest pulling force. First, the 
sphere can generate a horizontal air-cavity when pulled along the air-water interface 
(shown in Fig. 1(b)). Second, the sphere transitions to a skipping mode when 
increasing the pulling angle to 1 degree or more, (i.e., high Fr regime).   

aDivision of Physical Sciences and Engineering, King Abdullah University of Science and Technology 
(KAUST), Thuwal, 23955-6900, Saudi Arabia 
1Kamoliddinov et al., Phys. Fluids 33(9), 093308 (2021).
2Jetly et al., Soft Matter 14(9), 1608-1613 (2018).

Figure 1: (a) Dependence of the drag coefficient on the Reynolds number for the half 
immersed floating sphere pulled along an air-water interface with the corresponding Froude 
number (solid red triangles). We also show CD values for spheres free falling in water (empty 
blue diamonds) measured by Jetly et al.2 and the limiting case of CD/2 calculated using the same
data (blue crosses). (b) Formation of an air-cavity generated by a rapidly pulled submerged 
sphere.  
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The effect of boundary layer dynamics on wake bi-modality for a 
squareback Ahmed body 

D. Ahmeda and A. S. Morgansa

Bi-modality or bi-stability is defined as a random switching of the centre of the wake 
in one of the crossflow directions. Wakes of parallel-piped blunt bluff bodies in close 
proximity to a solid surface (ground) exhibit this phenomenon, with symmetry being 
recovered in the long time-average. This study investigates the recently established link 
between wake bi-modality and the upstream dynamics for a squareback Ahmed body1, 
using wall-resolved Large Eddy Simulations. The unforced wake exhibits horizontal 
switching in the spanwise (side-to-side) direction. The instantaneous location of the 
wake is characterised by the spatial gradient of the centre of pressure on the base of 
the Ahmed body. 
Boundary layers on the top and side surfaces of the body separate just downstream 
the rounded fore-end of the body, then reattach before reaching the back-end (body 
base). Accordingly, hairpin vortices are formed before the reattachment points.  These 
vortices grow along the longitudinal surfaces reaching a length scale approximately 
half of the body height, then break down into smaller vortices due to their interaction 
with the freestream. The resultant smaller vortices from the three surfaces interact 
periodically, which is proposed to have a causal link to the bi-modality. In this study, 
we investigate the effect of suppressing the boundary layer separations and boundary 
layer disturbances on bi-modality, by applying a steady suction and blowing upstream 
of the separation location, near the front end of the body.  
It is found that when only the boundary layer on the top surface only is suppressed, 
bi-modal switching still occurs. In this case, boundary layer suppression interrupts the 
interaction between the smaller vortices, leading to an increase in wake fluctuations 
around the asymmetric position. When the boundary layers on the side surfaces are 
suppressed, the wake becomes locked in an asymmetric position and the bi-modal 
switching is suppressed.  
When the boundary layers on all four longitudinal surfaces are suppressed, bi-modality 
is suppressed and the wake is fully symmetrised. In this case, the disturbances in the 
underbody flow, emanating from the gap between the body bottom surface and 
ground, are suppressed. These results confirm the causal link between the bi-modality 
and the upstream dynamics. This suggests that the turbulent fluctuations which cause 
the wake switching are partly associated with the upstream boundary layers dynamics 
and partly with the interaction of the free shear layers in the wake. 

a
 Dept. of Mechanical Engineering, Imperial College London, London, SW7 2AZ, UK 

1 Hesse, F. & Morgans, A. S., Computers & Fluids , 223, p. 104901, (2021).
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The effect of salinity on bubbly drag reduction 

L. J. Blaauwa, S. G. Huismana and D. Lohsea,b

Most goods are transported over sea by large containerships. The drag on these ships is 
mainly governed by the surface drag on the ship hull. Reducing the surface drag can 
lead to a huge reduction of fuel consumption. Air lubrication is a very promising 
technique to reduce the surface drag on a ship hull and drag reduction up to 40% has 
been shown1. Real life applications of this technique show less effectiveness in ocean 
waters2. One possible explanation could be due to the presence of salts in ocean water. 
In this work we use the Twente Turbulent Taylor-Couette (T3C) setup3, shown in figure 
1(a), to measure the drag reduction caused by bubbles in a flow. The cylinders have a 
radius of 200mm and 279mm for the inner and outer cylinder respectively, giving a gap, 
d, of 79mm. The height of the setup, L, is 927mm. The inner cylinder is rotated up to 
20Hz, where the outer cylinder is kept stationary. The flow has a Reynolds number 

between 8 × 105 < 𝑅𝑒 < 2 × 106. The air volume fraction is kept constant at 4%. We
add salts of different valencies to our flow, NaCl, MgCl2, and substitute ocean salt, to 
investigate the effects of individual salts on the bubbly drag reduction. Using a high-
speed camera, we capture the mean bubble sizes in the flow. A drag reduction in fresh 
water of up to 40% is measured compared to the case without air. Adding salts to the 
working fluid inhibits the coalescence of bubbles, leading to smaller bubbles present in 
the flow, see figure 1(b,c). These bubbles are much less effective in reducing the drag. 
The drag reduction is reduced to approximately 10% at a NaCl mass concentration 
equivalent to ocean water. 

Figure 1: (a) The T3C setup with relevant parameters. (b) Bubbles present in the flow in 
fresh water, (c) and when the mass concentration of NaCl is equivalent to ocean water. 

a
Physics of Fluids Group and Max-Planck Center for Complex Fluid Dynamics, Faculty of Science 

and Technology, J.M. Burgers Center for Fluid Dynamics and MESA+ Institute, University of Twente, 
Enschede, Netherlands

b
Max Planck Institute for Dynamics and Self-Organization, Göttingen, Germany 

1 R.A. Verschoof et al., Phys. Rev. Lett., 117 104502 (2016)
2 J. Lee, SNAME Maritime Convention, (2017)
3 D.P.M. van Gils et al., Rev. Sci. Instrum., 82 025105 (2011)
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Fluid Flow Characteristics Past Rectangular Cylinder with Fillet 
Using Suction/Blowing Flow Control 

Jishnu Ma and K Arul Prakashb 

Flow past rectangular cylinders is an exciting fluid mechanics problem. The 
rectangular cylinder has been studied both experimentally and numerically by the 
scientific community due to the enormous practical significance. These include flow 
past tall buildings, cooling towers and chimneys associated with power plants, fuel 
storage tanks, off-shore structures, electronic chips etc. The interesting flow fields 
downstream of the cylinder and the flow field’s modification to control fluid flow 
have gained recent researcher’s interest. The present study focuses on the flow 
features in the wake of the rectangular cylinder with fillets subjected to suction/ 
blowing in the low Reynolds number (Re) regime. For that, the governing equations 
of fluid flow and heat transfer are solved in the Cartesian framework using an in-
house code based on Streamline upwind/Petrov-Galerkin (SUPG finite element 
method). Two different aspect ratios (AR = 1, 5) are chosen to get different flow 
patterns in the wake. Five different fillet radii (r/D= 0.1 - 0.5 in steps of 0.1) are 
considered for investigation. The flow downstream of the cylinder is investigated by 
varying the suction/blowing values (Γ) applied at the fillet. Flow characteristics are 
represented by the streamlines and vorticity contours. The flow changes from steady 
to unsteady by the application of suction/blowing. Flow features are investigated in 
detail with the help of Dynamic mode decomposition. The patterns of flow are 
illustrated for each value of Re.  

 a,b 
Department of Applied Mechanics, IIT Madras, Chennai, India 

1  A. N. Brooks and T. J. Hughes, “Streamline upwind/petrov-galerkin formulations for convection 
dominated flows with particular emphasis on the incompressible navier-stokes equations,” Computer 
Methods in Applied Mechanics and Engineering, vol. 32, no. 1, pp. 199 – 259, 1982. 

2 A. Sohankar, M. Khodadadi, and E. Rangraz, “Control of fluid flow and heat transfer around a 
square cylinder by uniform suction and blowing at low reynolds numbers,” Computers Fluids, vol. 
109,pp. 155–167, 2015.. 

3 . O. Inoue, T. Yamazaki, and T. Bisaka, “Numerical simulation of forced wakes around a cylinder,” 
International Journal of Heat and Fluid Flow, vol. 16, no. 5, pp. 327 – 332, 1995. 

Figure 1: The computational domain. 
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Turbulent Structures in a Controlled Separation Cell 

C.J. Petersona, B. Vukasinovica, and A. Glezera

The flow topology and turbulent structures within a separation cell formed in an 
adverse pressure gradient over a nominally 2-D surface are investigated experimentally in 
the absence and presence of fluidic control at M0 = 0.25.  Dissipative, high-frequency
actuation is effected by a spanwise array of tangential, fluidically oscillating jets located 
upstream of the cell formation.  The effects of the actuation on the cell structure are 
assessed using stereo PIV with emphasis on the evolution of streamwise vorticity 
concentrations.  It is shown that flow reattachment between the cell’s outboard edge 
vortices is characterized by the formation of a spanwise array of segmented reattachment 
cells each bounded by counter-rotating streamwise vorticity concentrations. 

While the streamwise vorticity distribution in the base flow is nearly featureless, the 
control jets induce the formation of counter-rotating vorticity concentrations that, in 
the mean flow, are organized in spanwise-periodic pairs about each jet.  These vortices 
induce alternating downwash and upwash about the jets centerlines and between 
adjacent jets (Figure 1a).  Instantaneous streamwise vorticity concentrations (not 
shown) indicate that the separated base flow is dominated by intermingled streamwise 
vorticity streaks of both senses that in the presence of the jets become concentrated 
between the jet induced upwash and downwash flows.  As shown in Figures 1a-d, the 
link between the structure of the flow in the presence of the jets and its turbulent 
characteristics is depicted by time-averaged vorticity concentrations (a) along with the 
associated turbulent kinetic energy (b) and turbulent production (c) and dissipation 
rate (d) within the central region of the flow.  The concentrations of the TKE (1b) 
show that the downwash over the center of the jet transports low turbulence fluid 
from the cross flow while the upwash pushes high turbulence fluid away from the 
wall.  Turbulent production and dissipation rate are elevated away from the surface in 
the downwash shear flow along arcs directed toward the center of each jet.  The 
present findings indicate that the spanwise structure of the attached flow, and in 
particular the downwash/upwash effected by the jets, vary significantly with the jet 
spacing and therefore would affect flow attachment and the aerodynamic loads on the 
surface. 

a b c d

Figure 1: Color raster plots of (a) time-averaged vorticity concentrations, (b) turbulent kinetic 

energy, and rates of turbulent (c) production and (d) dissipation, measured at x/c = 0.42 
downstream from the flow control source. 

a
Woodruff School of Mechanical Engineering, Georgia Institute of Technology, Atlanta, GA 30332, 

USA
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Feedback machine learning control of 3D falling liquid film 

F. Pino a,b, M.A. Mendeza, B. Scheidb

The control of 3D falling liquid film instabilities is crucial in many industrial 
applications ranging from coating processing to drug production. Common 
approaches to control these flows consists in combining linear stability analysis1 or 
adjoint based optimization2 with reduced order models (ROM) of the liquid film flow. 
Although very efficient, these approaches suffer model uncertainties and are limited 
by the intrinsic limitations of the (simplified) model used to derive the control law. 
Despite efforts in going beyond ROMs, bridging modelling with experiments3, a 
reliable workflow circumventing model limitations is still missing. 

Machine learning methods emerged as a viable alternative capable of efficiently 
treating the control problem as a black box (model-free) optimization problem. These 
approaches solely rely on input-output relations, based on action-reward-new state 
tuples. Machine learning based techniques have given proof of being a reliable 
solution in controlling representative flow control system of increasing complexity4. In 
addition, the heuristic nature of the algorithm ensures robust control actions for 
different system’s dynamics5. Nevertheless, the application of these methods to liquid 
film control is limited to the stabilization of a simple 2D falling liquid film model6. 

In this work, we apply various machine learning based control methods to the 
stabilization of 3D waves in a liquid film dragged by a moving substrate. The analysis 
includes Reinforcement Learning (RL), Genetic programming (GP) and Bayesian 
Optimization (BO) to control various sets of pneumatic actuators. The liquid film 
flow is modelled via a reduced order model that extends the Kapitza-Skhadov model7, 
and the control performances are measured in terms of wave attenuation. 

a
Dep. Environmental and Applied Fluid Dynamics, von Karman Institute for Fluid Dynamics, 

Belgium 
b

Transfers, Interfaces and Processes (TIPs) laboratory, Université libre de Bruxelles, Belgium 
1 Thompson et al., Physics of Fluids 28.1, 012107 (2016).
2 Boujo et al., Physical Review Fluids 4.6, 064802 (2019).
3 Cimpeanu et al., Nonlinear Dynamics 104.1, 267-287 (2021)
4 Pino et al., arXiv preprint arXiv:2202.11664, (2022)
5  Tang et al., Physics of Fluids 32.5, 053605 (2020)
6  Belus et al., AIP Advances 9.12, 125014 (2019)
7  Ivanova et al. arXiv preprint, arXiv:2203.08201 (2022)
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Numerical Simulations of evaporation driven turbulent convection 
driven by a descending free surface 

Joauma Marichala, Miltiadis Papalexandrisa 

Turbulent thermal convection in water pools driven by evaporation across the free 
surface is encountered in various natural phenomena as well as in industrial 
applications. In this work we present numerical results obtained via Large Eddy 
Simulations of the problem in hand and for Rayleigh numbers in the range of Ra = 
1.3 x 108 and Ra = 5 x 108. Our numerical setup considers a uniformly heated bottom
wall and a free-slip upper boundary that approximates the free surface. Heat and mass 
transfer across the upper boundary are taken into account via a dynamic and 
inhomogeneous evaporation model. The evaporative and convective heat losses 
predicted by this model are then employed to assign a non-zero Neumann condition 
for the temperature. According to it, the temperature gradient is not uniform across 
the free surface and evolves with time. Also, the descent of the free surface due to 
evaporation is accounted for by dynamically remeshing the computational domain 
during the simulations.  

In the first part of the talk, we outline the evaporation model and the remeshing 
procedure. In the second part we present the results of our simulations. In particular, 
we analyze the flow topology, including the structure and properties of the Large Scale 
Circulation, and discuss the turbulence statistics of the flow field.  

a
Université catholique de Louvain, Institute of Mechanics, Materials and Civil Engineering, 1348 

Louvain-la-Neuve, Belgium
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Natural convection over a vertical ribbed surface 

E. N. Ahmeda, A. Bottaroa and G. Tandab

Natural convection over vertical surfaces, periodically roughened with weakly-
conducting ribs, has been investigated in many previous studies1, 2. However, the 
effectiveness of such configurations in promoting the local and average heat transfer 
performance is still a point of debate, with no strict guidelines for optimum designs. In 
this work, the buoyancy-driven air flow over a vertical surface of 0.5 m height, regularly 
roughened with wooden transverse square ribs (thermal conductivity ≈ 0.1 W/m K) is 
investigated experimentally, theoretically and numerically. The surface temperature of 

the baseplate is varied between 50 ˚C and 70 ˚C, while the ambient temperature is kept 

at 20 ˚C so that a range of the plate Rayleigh number (Ra) from 3.4×108 to 4.6×108 is 
covered. The plate height to pitch distance ratio and the pitch distance to rib size ratio 
have been varied by changing the number of ribs attached to the surface (from 10 to 
40) and using two different square cross-sections (of side lengths 2 mm and 3 mm). The
experimental work relies on the schlieren imaging technique, through which the
phenomenon under consideration is studied both qualitatively, in terms of the
effectiveness of ribs in anticipating transition to turbulence over the vertical surface,
and quantitatively, in terms of the behavior of the local Nusselt number. Two extreme
cases of ribs’ thermal conductivity are considered in the numerical work for comparison,
i.e., perfectly conducting ribs and adiabatic ribs, cf. Figure 1. In addition, multiscale
homogenization is employed to formulate effective velocity and temperature boundary
conditions on an equivalent virtual plane surface to simplify the numerical work. Model
results are then compared to feature-resolving simulations and experiments.

a
DICCA, Università degli Studi di Genova, 16145 Genova, Italy 

b
DIME, Università degli Studi di Genova, 16145 Genova, Italy 

1 Bhavnani and Bergles, Int. J. Heat Mass Transf. 33, 965 (1990).
2 Tanda, Int. J. Heat Fluid Flow 29, 1319 (2008).

Figure 1: Buoyancy-driven flow over a vertical plate of 0.5 m height, roughened with ten square 

ribs of 2 mm size: (left) schlieren images of perturbed and steady states near the trailing edge of 
the plate; (right) local Nusselt number (based on total plate height) versus normalized vertical 

distance for uppermost three inter-rib regions. Prandtl number = 0.712, Ra = 4.6×108.     
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Numerical simulations of turbulent thermal convection in a 
domain composed of a pure-fluid region and an internally heated 

porous medium

V. Hamtiauxa and M.V. Papalexandrisa

Heat transfer and fluid flow in domains that include superposed pure-fluid and 
porous regions are encountered in many natural phenomena as well as in various 
technological applications. In this work we are concerned with turbulent thermal 
convection above a heated porous medium. The main motivation for this study comes 
from the need to better understand the phenomena occurring during the early stages 
of a loss-of-cooling-accident in spent fuel pools of nuclear power stations. To that 
end, the fuel racks that transfer heat to the surrounding water are macroscopically 
modeled as an internally heated porous medium. 

In the first part of the talk, we briefly present the mathematical model which is 
based on the single-domain approach. The porosity is introduced as a field variable to 
formulate one single set of governing equations that is valid both in the pure-fluid as 
well as the porous region. Also, in this context, thermal non-equilibrium is assumed 
between the solid and the fluid inside the porous region. Then, two separate energy 
equations are introduced, one for the solid matrix and the other one for the fluid. In 
the second part, we discuss and analyze the results of Direct Numerical Simulations of 
turbulent convection in a cubical cavity that contains an internally heated porous 
medium. In our setup, the porous medium is placed at the bottom of the domain and 
at a certain distance from the side walls. We consider a free slip at the top boundary, 
kept at a constant temperature, whereas all other boundaries are adiabatically isolated 
walls. Accordingly, thermal convection is driven by the heat transferred from the 
heated solid matrix to the fluid inside the porous region. We present results for both 
uniform and non-uniform heating of the solid matrix and for porous media of 
different area coverages. More specifically, we elaborate on the emerging flow 
patterns, turbulence statistics and Nusselt number and make comparisons between the 
different cases considered in our study. 

a
Université catholique de Louvain, Institute of Mechanics, Materials and Civil Engineering, 1348 

Louvain-la-Neuve, Belgium
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Markovianity of large scale flow transitions in turbulent Rayleigh-
Bénard convection in a closed cubic container 

P. Maitya, P. Koltaib, and J. Schumachera,c

We revisited the problem of large scale circulation (LSC) in turbulent Rayleigh-Bénard 
convection, in a closed cubic container with a working fluid of Prandtl number Pr = 
0.7 and Rayleigh number of Ra=106 , using direct numerical simulations (DNS). The 
DNS assumes  no-slip velocity boundaries and thermally insulated side-walls. We 
identified transitions between discrete stable long-lived states (LL-LSC) via stable 
short-lived (SL-LSC) and decoherent states. Figure 1 shows the discrete states as 
observed in DNS. The cumulative distribution function (CDF) of persistence times of 
the stable states show an exponential decay. An ensemble  averaged transition 
probability  matrix, depicting transition between discrete LSC states, was computed 
using 3600 short-term DNS runs, to scrutinize the Markovianity of the transitions. 
The eigenvalue spectrum of the transition probability matrix and the distribution of 
persistence times lead to a strong evidence of Markovianity, even though the data is 
accompanied by noise. Furthermore, we studied the case of fluids with Pr = 0.1 and 
10 and inferred that the frequency of transitions between discrete LSC states is 
strongly dependent on the Prandtl number. 

a
Institute of Thermodynamics and Fluid Mechanics, Technische Universität Ilmenau, Postfach 

100565, D-98694 Ilmenau, Germany.
b

Department of Mathematics, Freie  Universität Berlin. Arnimallee 6, D-14195, Berlin Germamy
c Tandon School of Engineering, New York University

1 Maity et al.,Phil. Trans. A , in press (2021). [arXiv: 2109.02481] 
2 Giannkis et al., J. Fluid. Mech. 847, 735-767 (2018). 

Figure 1: Instantaneous velocity streamtubes representing (a) and (b) long-lived LSC states aligned along 
the diagonals, (c) stable short-lived LSC aligned along the edges, and (d) the unstable  decoherent state. 
The color coding represents the plane in which the streamtubes lie. 
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Turbulent convection in an internally heated layer

M. Creyssels1

Natural convection driven by volumetric energy sources is a phenomenon that occurs 
very often in engineering systems and geophysical or astrophysical flows. Internal 
heating is due to chemical reactions, decay of radioactive materials or absorption of 
light1,2,3. A theoretical model is derived to predict both the heat fluxes at the upper 
and lower horizontal surfaces of an internally heated convection cell (see Fig. 1), by 
extending the Grossmann and Lohse theory4,5 and by following the approach of 
Creyssels6. For each plate, a Nusselt number is defined and an analytical formula is 
given to predict its variations with the Rayleigh and Prandtl numbers. The turbulent 
flow produced in the upper half of the internally heated convection cell is very similar 
to that observed in standard Rayleigh-Bénard convection7. On the contrary, the lower 
plate is swept by the large scale flow that circulates through the entire cell7. The 
corresponding boundary layer is therefore modelled by a laminar boundary layer of 
the Blasius type. These predictions are confirmed by previous numerical results2,8. 

Figure 1: Internally heated con- vection 
experiment. The fluid is confined between 
two horizontal plates of equal temperature 
and is heated uniformly. The flow is strongly 
turbulent in the  upper half of the cell while 
thermal stratification is observed close to the 
cold bottom plate.  

 

1
Laboratoire de Mécanique des Fluides et Acoustique, Ecole Centrale de Lyon, CNRS, Univ. Lyon 

1, INSA Lyon, 69130, Ecully, France

1 Goluskin, Internally Heated Convection and Rayleigh-Bénard Convection, Springer (2015).
2 Wang et al., Geophys. Res. Lett. 48  (2020). 
3 Bouillaut et al., J. Fluid Mech., 861, R5 (2019). 
4 Grossmann and Lohse, J. Fluid Mech., 407, 27-56 (2000). 
5 Grossmann and Lohse, Phys. Rev. Lett., 86, 3316-3319 (2001). 
6 Creyssels, J. Fluid Mech., 900, A39 (2020). 
7 Creyssels, J. Fluid Mech., 919, A13 (2021). 
8 Goluskin and van der Poel, J. Fluid Mech. 791, R6 (2016).  
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Heat and Impulse Transport Loss Due to Breakdown of the Large-
Scale Circulation in Turbulent Rayleigh-Bénard Convection 

F. Schindlera, S. Eckerta, T. Zürnera, J. Schumacherb, S. Sua and T. Vogta

We present an experimental study of turbulent liquid metal Rayleigh-Bénard 

convection (Pr  0.03) in cylinders of aspect ratio Γ = H/D = 0.5 and 1 covering a 
Rayleigh number range of 4×105 ≤ Ra ≤ 5×109. Flow measurements by means of the 
ultrasound Doppler velocimetry facilitate a characterization of the structure and 
dynamics of the large-scale circulation (LSC). These results are complemented by 
temperature measurements on the side wall and in the copper plates.  

A stable LSC is observed at unity aspect ratio1. At  = 0.5 the LSC apparently loses its 
coherent properties, which is reflected in an almost non-correlated orientation of the 
flow direction at the bottom and top2. Direct flow measurements reveal that the flow 
fails to form large-scale structures that remain stable over a sufficiently long time 
period in the order of the turn-over time of a single-roll LSC.  

If we take the results from  = 1 as a reference, this collapse is accompanied by a 
reduction of the Reynolds numbers Re by a factor of about 2 while the Re(Ra) scaling 

changes only slightly (see Figure1). The heat transport measured in = 1 reveals a 

scaling law Nu ∝ Ra0.28 which is in good agreement with existing data3,4 at similar Pr. 

In the  = 0.5 cylinder we measure significantly lower Nu values; the scaling exponent 
of the Nu(Ra) power law then drops down to 0.124. 

Figure 1: a) Reynolds number scaling and b) Nusselt number scaling over Ra for 
aspect ratios unity and 0.5. 

a
Institute of Fluid Dynamics, Helmholtz-Zentrum Dresden-Rossendorf e.V., Bautzner Landstraße 

400,  1328 Dresden 
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Institute of Thermodynamics and Fluid Mechanics, Technische Universität Ilmenau, 98684 

Ilmenau 
1 Zürner et al., J. Fluid Mech. 876 (2019).
2 Schindler et al., arXiv:2110.15807 (2022). 
3 Glazier et al., Nature 398, 307 (1999).
4 Cioni et al., J. Fluid Mech. 335, 111 (1997).
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Measurements of thermal dissipation rate in 
turbulent Rayleigh-Bénard convection 

R. du Puitsa and C. Kaestnerab

Thermal dissipation, an irreversible process transforming mechanical energy into heat 
is not only a key ingredient of turbulent thermal convection1, but also involved in 
turbulent mixing of passive scalers in a non-homogeneous fluid. While dissipative 
processes in thermal convection have been numerically studied quite frequently2 
(however, mostly in the Boussinesq frame), measurements of thermal dissipation rate 
are still very rare3. We present such measurements undertaken in a large-scale 
Rayleigh-Bénard experiment which is called the “Barrel of Ilmenau” (www.ilmenauer-
fass.de). For our measurements, we used a home-made temperature-gradient probe, 
whose resolution goes down to the Kolmogorov microscales. The probe consists of 
four micro-thermistors with a size of about 150 µm in diameter and 350 µm in length 
(see Fig. 1). They are separated by a distance of 2 mm allowing measurements in the 
well mixed bulk region of the convection experiment as well as in its boundary layers. 
Our measurements cover a wide range in Rayleigh number starting from Ra=3.8×106 

and ending up at 4.6×1011, while the width-to-height ratio ranges from =8.9 to 

=1.1. The Prandtl number is fixed at Pr=0.7. In our presentation, we will discuss and 
analyse time series of the thermal dissipation rate as shown, e. g., below in Fig. 1.   

a Institute of Thermodynamics and Fluid Mechanics, Technische Universitaet Ilmenau,

    Ehrenbergstr. 29, 98693 Ilmenau, GERMANY
1 S. Grossmann and D. Lohse, J. Fluid Mech. 407, 27-56 (2000).
2 M. S. Emran and J. Schumacher, J. Fluid Mech. 611, 13-34 (2008).
3 X. He and P. Tong, Phys. Rev. Lett. 98, 144501 (2007).

Figure 1: Photo of the temperature-gradient probe (left), and time series of the thermal 

dissipation rate measured inside the boundary layer (z=3.98 mm) at Ra=1.8×109 and a width-

to-height ratio =8 (right). 
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Thermal plumes in turbulent Rayleigh-Bénard convection 
using Laser-Induced Fluorescence 

C. Toupointa, F. Chillàb, S. Joubaudb, H. Pabiouc, W. Ruffenachb, J.
Salortb and J. Soundar Jeromed

Thermal convection is a physical process present in many natural and industrial 
processes for which Rayleigh-Bénard convection is a paradigm. Lately the role of the 
thermal boundary layers on the global heat transfer mechanisms has come under 
scrutiny1,2,3. The introduction of controlled roughness on the hot and/or cold plates is 
one way of investigating how a modification of the boundary condition impacts the 
thermal boundary layer.  

We present direct measurement of the temperature field in a quasi-2D Rayleigh-
Bénard turbulent convection cell using Laser-Induced Fluorescence. Turbulent 
Rayleigh-Bénard convection is generated in a 41.5 x 41.5 x 10 cm rectangular PMMA 
convection cell filled with deionized water, already used in previous studies2,3. The top 
plate is entirely smooth, while the bottom one features roughness in the form of an 
array of 2 mm-high, 5 mm squares, evenly spaced by 1 cm. The top plate is cooled 
down with a liquid circulation, and the bottom one is heated through Joule effect. The 
temperature of the two plates is measured with PT100 temperature probes. In 
addition, another PT100 probe is inserted into the bulk of the flow, giving us the bulk 
temperature.  In this study, he temperature difference between the plates is 26°C, the 
Rayleigh number is Ra=5.4×1010 and the Nüsselt number is Nu=240. The difference 
in plate roughness allows the comparison of the effect of roughness on turbulent 
convection in a single system. 

LIF gives us access experimentally to the instantaneous temperature field within 
the cell. We show that the roughness modifies the thermal fluctuations close to them. 
We also present thermal plume statistics emissions that show differences in their 
behavior close to the smooth and rough plates. 

a
ENSTA-Paris Unité de Mécanique, Institut Polytechnique de Paris, 828 bd des maréchaux, 91762 

Palaiseau cedex, France
b

Laboratoire de Physique (UMR CNRS 5672) ENS de Lyon, 46 allée d’Italie F-69364 LYON 

CEDEX 07, France 
c

Univ Lyon, CNRS, INSA Lyon, CETHIL, UMR5008, 69621 Villeurbanne cedex, France
d

Laboratoire de Mécanique des Fluides et d’Acoustique, École Centrale de Lyon 36, avenue Guy de 

Collongue, 69134 Écully cedex, France 
1 Rusaouën et al., J. Fluid Mech. 923, A6 (2018).
2 Salort et al., Phys. Fluids 18, 034210 (2014).
3 Liot et al., Phys. Rev. Fluids 2.4, 044605 (2017)
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Double-diffusive transport in multicomponent vertical convection 

C. J. Howlanda, R. Verziccoa,b and D. Lohsea

When ice melts in salty water, it releases water that is colder and less salty than the 
ambient environment. In most environmental applications, such as at a glacier face 
melting in the ocean, the salinity differences dominate the buoyancy, driving a 
convective flow up the ice wall1. However, the ablation rate of the ice still depends on 
both the heat flux and the salt flux towards the wall2. These fluxes, determined by the 
local gradients of temperature and salinity at the wall, are very difficult to measure 
directly in experiments or in the field. We therefore use direct numerical simulations to 
study such turbulent convective boundary layers, and identify the key control 
parameters that determine the fluxes of both heat and salt. 
We consider the flow in a vertical channel with temperature and salinity fixed at each 
wall, with a density ratio of 0.02 such that the salinity field drives the convection, and 
heat is essentially transported as a passive scalar. By varying the diffusivity ratio of heat 
and salt, we identify how the different molecular diffusivities affect the turbulent fluxes 
through the system. In the case where salt diffuses faster than heat, the ratio of fluxes 
scales as τ1/3, consistent with classical nested scalar boundary layers. However, in the 
more relevant case of fast heat diffusion (relative to salt), we observe a transition to a 
τ1/2 scaling. This coincides with the thermal boundary layer width growing beyond the 
thickness of the viscous boundary layer. We compare our results to similar studies of 
forced and double-diffusive flow under ice shelves, and discuss the implications for 
fluxes in large-scale ice-ocean models. 

a Physics of Fluids Group, University of Twente, 7500AE Enschede, NL 
b Dipartmento di Ingegneria Industriale, University of Rome ‘Tor Vergata’, Roma 00133, Italy 
1 Hewitt, Ann. Rev. Fluid Mech. 52, 145-169 (2020).
2 Malyarenko et al., Ocean Model. 154, 101692 (2020).

 

Figure 1: (a) Schematic of the vertical channel setup of two plates separated by a distance H; (b)
Ratio of heat flux to salt flux plotted against the diffusivity ratio; (c-d) Snapshots of the local 
dimensionless heat and salt fluxes at one of the vertical walls (y=0) for a simulation with Schmidt 
number 100 and diffusivity ratio 0.01. 
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Wall modelled Large Eddy Simulation of natural convection at 
high Rayleigh number 

Louis Alsteensa, Miltiadis Papalexandrisa

This work concerns the numerical study of thermal convection in closed cubes at high 
Rayleigh numbers. In many problems of practical interest involving free convection, 
the associated Rayleigh number is typically very high, e.g. Re=109 and higher. This in 
turn implies high turbulence intensities. Currently, the computational cost of Direct 
Numerical Simulation (DNS) of such flows is prohibitively high. Further, even wall-
resolved Large Eddy Simulations (LES) can exhaust current computational resources. 
An alternative approach is to perform wall-modeled LES. This relies on the 
development of wall models, which provides near-wall velocity and temperature 
profiles based on a presumed structure of the hydrodynamic and thermal boundary 
layers in the flows of interest. 

In the first part of the talk, we outline the wall models that we employ in our 
numerical study. For the near-wall velocity profile we employ an algebraic wall model 
based on the standard law of the wall. Then, an expression for the turbulent viscosity 
in the first layer of cells is derived from the wall shear stress. This approach is 
combined with the WALE subgrid model in the bulk of the flow. For the thermal 
boundary layer, we have implemented two different approaches. The first one is based 
on the gradient assumption according to which the turbulent conductivity is 
computed from the turbulent viscosity and a presumed turbulent Prandtl number. In 
the second approach the turbulent conductivity is computed from a thermal law of the 
wall, in a manner that is analogous to the wall-modelling of the velocity field. 

The second part of the talk is dedicated to the presentation and analysis of wall-
modeled LES of Rayleigh-Bénard convection at Rayleigh numbers between Ra=108 
and Ra=1010. Numerical results obtained with the two different thermal wall models 
are presented and compared. Finally, we discuss the main features of the flow, and 
present results for turbulence statistics and the Nusselt number. 

a Université catholique de Louvain, Institute of Mechanics, Materials and Civil Engineering, 1348 
Louvain-la-Neuve, Belgium 

265



Heat transport scaling theory for rotating Rayleigh-Benard 
convection 

Robert E. Ecke1  and Olga Shishkinab 

Thermally-induced buoyancy and rotation govern convection in many geophysical and 
astrophysical systems including the atmosphere, ocean, and liquid-metal core of the 
Earth or the surface of the sun. The paradigm system to study this is rotating 
Rayleigh-Benard convection, where the strength of buoyancy is reflected in the 
Rayleigh number Ra and that of the Coriolis force in the Ekman number Ek. How the 
heat transport, measured by the Nusselt number Nu, depends on Ra and Ek, and how 
this dependence changes in the buoyancy- or rotation-dominated regimes, remain to 

be the main questions and the subject of many years of debate. Here1, we derive a 

relationship between the scaling exponents in these two regimes and find their limiting 
values. The theoretical results are well supported by measurements and direct 
numerical simulations. 

1
Center for Nonlinear Studies, Los Alamos National Laboratory, NM 87545,  and Department of 

Physics, University of Washington, Seattle, WA 98195, USA

b Max Planck Institute for Dynamics and Self-Organization, Am Fassberg 17, 37077 Göttingen,

Germany

1 Ecke and Shishkina, Annu. Rev. Fluid Mech. (2022). 
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Flow patterns in a dielectric liquid contained in a cylindrical 
annulus under a micro-gravity condition 

Changwoo Kanga,b, Innocent Mutabazib, Harunori N. Yoshikawac 

The flow of a dielectric liquid contained in a cylindrical annulus under a micro-gravity 
condition is examined by a direct numerical simulation (DNS). Temperature difference 
and alternating electric tension imposed on the cylindrical surfaces generate a 
dielectrophoretic force which can induce a thermoelectric convection. Flow and 
temperature fields are observed to identify the flow structures with increasing the 
electric tension. Above a critical value, the flow bifurcates from a conductive state to a 
pattern of stationary helicoidal rolls. When the electric tension grows, a weak 
modulation appears in the vortices. Defects occur in the helicoidal rolls and they 
oscillate irregularly with the increase of the tension. At higher electric voltages, an 
oscillatory (or zigzag) instability sets in and it results in a pattern of sinusoidal 
displacements propagating along the axis of the rolls. Moreover, the bimodal structure 
of convection which is caused by the superposition of smaller cross-rolls on to the 
helicoidal rolls is presented together with the wavy pattern. As the tension further 
increases, the bimodal convection dominates and spokes patterns of small-scale 
structures are developed in the vortices. Furthermore, it turns out that the heat transfer 
in the dielectric liquid is significantly enhanced with the applied electric filed. 

* This work is supported partially by Basic Science Research Program through the National Research 
Foundation of Korea (NRF) funded by the Ministry of Education (NRF-2021R1I1A3048306), by the
National Research Foundation of Korea (NRF) grant funded by the Korean Ministry of Science and ICT 
(MSIT) (NRF-2021K1A3A1A21039317), and by the French Space Agency (CNES) and the Korean-
French scientific exchange program STAR-PHC. 
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Laboratoire Ondes et Milieux Complexes (LOMC), UMR 6294, Normandie Université, 

UNIHAVRE, CNRS-Université du Havre, 53 Rue de Prony, CS 80540, 76058 Le Havre CEDEX, 
France 

c
Institut de Physique de Nice, Université Côte d’Azur, CNRS UMR 7010, 06100 Nice, France 

(a) (b) (c) (d) 

Figure 1: Instantaneous structures of vortices and temperature field for (a), (b) VE = 600 and
(c), (d) VE = 2500;  Contours of temperature (θ) and the second invariant tensor Q.
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Enhancing Heat Transport in Multiphase Rayleigh-Bénard 
Turbulence by Changing the Plate-Liquid Contact Angles 

H. R. Liua, K. L. Chonga, C. S. Nga, R. Verziccoa and D. Lohsea 

The key property of a turbulent flow is its ability to efficiently transport heat, mass, 
and/or momentum. Understanding this property allows to control the global 
transport, enhance or reduce it, which is not only of fundamental interest, but also 
highly relevant in various industrial applications. Previous studies have proposed many 
different methods to enhance heat transport1-3.  

In this study, we present another, novel, and simple way to substantially enhance 
heat transfer in wall-bounded thermally driven two-phase turbulence, namely by 
manipulating the wettability of the walls4. As a model system, we pick the Rayleigh-
Bénard setup, filled with an oil-water mixture. For oleophilic walls, using only 10% 
volume fraction of oil in water, we observe a remarkable heat transport enhancement 
of more than 100% as compared to the pure water case. In contrast, for oleophobic 
walls, the enhancement is only of about 20% as compared to pure water. The physical 
explanation of the heat transport increment for oleophilic walls is that thermal plumes 
detach from the oil-rich boundary layer and carry the heat with them: In the bulk, the 
oil-water interface prevents the plumes from mixing with the turbulent water bulk and 
to diffuse their heat. To confirm this physical picture, we show that the minimum 
amount of oil necessary to achieve the maximum heat transport is set by the volume 
fraction of the thermal plumes. Our findings provide guidelines of how to optimize 
heat transport in wall-bounded thermal turbulence. Moreover, the physical insight of 
how coherent structures are coupled with one of the phases of a two-phase system 
has very general applicability for controlling transport properties in other turbulent 
wall-bounded multiphase flows. 

Figure 1: (a) The volume rendering of thermal plumes (red and blue) and oil-water 
interface (gray) with the oleophilic walls. (b) Heat transfer in terms of Nu/Nuw as 
function of Rao/Raw for volume fraction of oil α=10%. 

a
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1 Jiang et al., Phys. Rev. Lett. 120, 044501 (2018).
2 Wang et al., Nat. Commun. 10, 3333 (2019).
3 Blass et al., J. Fluid Mech. 897, A22 (2020).
4 Liu et al., J. Fluid Mech. 933, R1 (2022). 
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Fluid deformation and mixing in convective heating 

R. Lensvelta, M.F.M. Speetjensa, H. Nijmeijera

Transport of scalar quantities (e.g. heat or chemical species) in laminar flows is key to 
many industrial activities and stirring of the fluid by a moving wall or impeller is a 
conventional way to enhance this process. Efficient fluid mixing by chaotic advection 
is commonly believed to enhance scalar transport in laminar flows and thus stirring 
protocols are typically designed to accomplish chaos. However, the non-trivial 
interplay between (chaotic) advection and diffusion may render this approach sub-
optimal. The present study addresses this issue by investigating the role of fluid 
deformation and chaotic advection in the convective heating of a fluid via a hot non-
adiabatic boundary in a representative flow driven by sliding wall segments (Fig. 1a). 
This reveals that (i) fluid deformation may both enhance and diminish local heat 
exchange between fluid parcels and (ii) a fundamental conflict between local heat 
transfer and thermal homogenisation tends to restrict the beneficial impact of flow to 
short-lived episodes. This furthermore reveals that global heating of the fluid 
encompasses two concurrent processes, i.e. (i) increasing energy content and (ii) 
thermal homogenisation. Fluid deformation and chaos may both enhance and 
diminish these processes. However, their impact is primarily confined to the direct 
proximity of the sliding wall and is only marginal in the flow interior. This highly 

localized impact on global heating is visualised in Fig. 1b by an appropriate metric.b 

These insights expose a non-trivial – and often even counter-intuitive – role of fluid 
deformation and chaotic advection in convective heating and thus render the common 
belief of efficient heat transfer being automatic with fluid mixing fallacious. This 
advances dedicated stirring protocols by e.g. flow-control strategies based on state 
feedback as essential for accomplishing optimal thermal (scalar) transport.  

     a)                                                                           b) 

Figure 1: Convective heating in circulatory flow in circular domain driven by a sliding wall 

segment (arrow): (a) clock-wise circulation along streamlines (closed grey curves) and 
temperature field (red: hot; blue: cold); (b) impact of fluid deformation on heating (red/yellow: 
strong/weak enhancement; blue/cyan: strong/weak diminution; green: insignificant). 
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Direct numerical simulation of forced thermal convection in 
square ducts 

D. Modesti1 and S. Pirozzoli2

We carry out direct numerical simulation (DNS) of flow in a turbulent square 
duct by focusing on heat transfer effects, considering the case of unit Prandtl 

number. Reynolds numbers up to 𝑅𝑒𝜏 ≈ 2000 are considered which are much
higher than in previous studies, and which yield clear scale separation between 
inner- and outer-layer dynamics. Close similarity between the behavior of the 
temperature and the streamwise velocity fields is confirmed as in previous 
studies related to plane channels and pipes. Just like the mean velocity, the mean 
temperature is found to exhibit logarithmic layers as a function of the nearest 
wall, however with a different slope. The most important practical implication 
is the validity of the traditional hydraulic diameter as the correct reference length 
for reporting heat transfer data, as we rigorously show here. We use the DNS 
database to highlight shortcomings of traditional linear closures for the turbulent 
heat flux and show that substantial modeling improvement may be in principle 
obtained by retaining at least the three terms in the vector polynomial integrity 
basis expansion. 
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Numerical modelling of convective heat transfer in a corrugated 
heat exchanger channel using LES and RANS 

G. Karlssona and C. Furebya

Wall bounded flow and convective heat transfer appear as a challenge for predictive 
accuracy and modelling of many important engineering applications such as the plate 
heat exchanger, figure 1a. The flow passages in a plate heat exchanger consist of corru-
gated walls and contact points, obstructing the flow and causing flow reattachment and 
separation, forming a complex unsteady flow field. A requirement for accurately pre-
dicting convective heat transfer in such a device is to capture the coupling between the 
bulk flow and the shear stresses and heat transfer at or in close proximity of the walls.  

To this end, we investigate this coupling using Large Eddy Simulation (LES) and 
Reynolds Averaged Navier Stokes (RANS), focusing on vortex core regions interacting 
with the thermal and hydraulic boundary layer which affects the wall heat flux. The 
study features a range of Reynolds numbers (Re) spanning from the laminar to turbulent 
range, Re=400 to 2800, for which the heat transfer mechanisms are elucidated. Partic-
ular attention is given to the region near the contact points, where intense heat transfer 
occur, that contribute to the total heat transfer behaviour.  

Furthermore, the effect of grid resolution in LES on Re=1600 is examined by suc-
cessively refining the mesh, creating four grids ranging from 3 to 168 million cells, re-
solving between 90-96% of the total kinetic energy. The result reveal that a medium 
grid with 11 million cells gives good agreement with well resolved LES.  

a
Dept. Energy Sciences, Div. of Heat Transfer, Lund University, SE-221 00, Lund, Sweden 

Figure 1: (a) Corrugated heat exchanger channel domain colored by the temperature, T; (b) 
iso-surface of the second invariant of the velocity gradient tensor, λ2, colored by the velocity 
magnitude and (c) volume rendering of T with threshold filter. 
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Longitudinal roll structures formed in horizontal convection 
developing under non-uniform heating 

D. Notoa,b, Y. Tasakab, T. Yanagisawac,b, T. Miyagoshic and H. N. Ulloaa

Baroclinic adjustment induces a convective flow resulting in a global circulating flow 
even with a presence of a weak horizontal temperature gradient. This phenomenon is 
called horizontal convection, and such a flow is ubiquitous in various natural systems, 
e.g., land/sea-breeze circulation, cross-shore circulation in littoral waters, mantle-core
convection, as well as in industrial applications, such as glass furnace. When horizontal
convection develops under a stably stratified system, i.e., non-uniform heating from
top and vice versa, the convective flow is confined to a shallow region at the vicinity
of the horizontal wall with the non-uniform temperature1. Due to the thin roll
structure, strong shear is induced on the wall. Meanwhile, the downstream
(longitudinal) flow is accompanied by a heated fluid, and it goes immediately beneath
the cooler wall. Coexistence of these two effects leads to form roll structures with axes
in the longitudinal direction when the horizontal temperature gradient is sufficiently
strong. An experimental result of the temporal evolution of longitudinal rolls formed
in a rectangular box is shown in figure 1. The longitudinal rolls emerged at the upper
corners immediately beneath the non-uniform heating. We study the details of the
longitudinal rolls that emerged spontaneously in horizontal convection confined in a
rectangular box throughout both laboratory experiments and numerical simulations.

Figure 1: Temporal evolution of longitudinal roll formation visualized by stream function 

a Dep. Earth & Environmental Science, University of Pennsylvania, Philadelphia, PA, USA 
b Faculty of Engineering, Hokkaido University, Sapporo, Hokkaido, Japan 
c Japan Agency for Marine-Earth Science and Technology, Yokosuka, Kanagawa, Japan 
1 Noto et al., Phys. Rev. Fluids 6, 083501 (2021).
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CFD Analysis Of Passive Air Cooling On A Ground Mounted Solar 
Array 

F. Aguerrebere Gonzaleza, G. Ingramb, M. Bastankhahc

Temperature effects on solar panels affect the production of energy. The study of 
multiple solar panels in an array using wind-induced convective heat transfer could 
significantly improve the understanding of temperature dissipation on solar panels 
compared to the analysis of a single panel in ideal conditions. The inclusion of 
multiple solar panels in the model provides a realistic method of analysing the 
temperature dissipation on the surfaces and the effect of wind over an array. In this 
study, the convection on multiple panels using Reynolds-Averaged Navier-Stokes 
(RANS) simulation with Shear Stress Transport (SST) k-ω turbulence model is 
proposed. Steady inlet condition is selected for the solver. Different wind directions 
on the array with incoming velocities of 3, 5, and 10 m/s are compared to visualize 
the behaviour under a range of simulated ambient conditions. The modelling 
approach for the flow field around the solar panel is validated with the results of a 
Particle Image Velocimetry (PIV) experiment performed in a boundary layer wind 
tunnel. The Convective Heat Transfer Coefficient (CHTC) distribution on the 
surfaces of the solar panels is analysed concerning the flow field around the multiple 
solar panels to observe the influence on an array level. A uniform CHTC distribution 
is observed in the first panel on the array where the wind flow is steady. On the 
contrary, after the first panel on the array, the CHTC distribution over the upper faces 
of the panels is going to be different in each case. Similar averaged CHTC is found on 
the solar panels, however, the distribution over the surfaces will be the result of the 
flow dissipated from the previous panel. A numerical analysis is conducted using the 
relation between the dimensionless CHTC parameter Nusselt number (Nu) and the 
Reynolds number (Re), and the results are compared with previous existing 
correlations, to identify the relation of the maximum surface temperature and the Re 
for the different cases. With this study, further modifications on a solar panel array 
can be proposed to improve passive air cooling. 

a
Dep. Of Engineering, Durham University, Durham, DH1 3LE, UK

b
Dep. Of Engineering, Durham University, Durham, DH1 3LE, UK 

c
Dep. Of Engineering, Durham University, Durham, DH1 3LE, UK

274



     Stability of the atmospherelike flows in a spherical geometry 

V. Travnikova, C. Egbersa

Buoyancy-driven convection flows play a crucial role in global heat and 
momentum transport in atmosphere. Simplified planetary and stellar atmospheres can 
be described by a spherical gap geometry with special boundary conditions for the 
temperature (Figure 1(a)). The radial gravity field is created using the dielectrophoretic 
effect. Polar-angle-dependent thermal boundary conditions (Figure 1(b)) are used to 
model solar radiation at the equator and at the poles. The temperature reaches a 
maximum value at the equator and becomes colder near the poles. If a gap rotates, the 
Coriolis and centrifugal forces must be taken into account. First, a classification of the 
two-dimensional steady basic flow is done in dependence on the Taylor number, the 

Rayleigh number and for the radii ratio 𝜂 =
𝑅𝑖𝑛

𝑅𝑜𝑢𝑡
⁄ , where 𝑅𝑖𝑛,  𝑅𝑜𝑢𝑡 are the radii 

of the inner and outer surfaces, respectively. Secondly, a linear instability theory is 
used to study when the basic flow becomes unstable. The critical Rayleigh number at 
which the steady axisymmetric basic flow becomes time-dependently axisymmetric or 
three dimensional is found to be a function of the Taylor number. Furthermore, the 

critical azimuthal wave number 𝑚𝑐, which is responsible for the structure of the 

supercritical three-dimensional flow, and the critical frequency of the perturbation 𝜔𝑐 
were found. Furthermore, the spatial location of the perturbation is investigated 
understand the origin of the instability [1]. The three-dimensional flows were 
calculated using a 3D pseudo-spectral numerical code developed by R. Hollerbach [2]. 

Figure 1: (a) simplified planetary atmosphere as found on the Earth. Not to scale. (b) Boundary 
conditions for the temperature on the inner and outer surfaces. The maximum temperature is 
found at the equator, the minimum temperature at the poles. 
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Supergranule aggregation as an inverse spectral cascade 
in three-dimensional convection 

P. P. Viewega, R. Stepanovb, J. D. Scheelc, J. Schumachera 

Three-dimensional turbulent Rayleigh-Bénard convection in a periodic, horizontally 

extended layer of aspect ratio Γ = 60 that is driven by a constant heat flux is analysed 
by means of high-resolution spectral element simulations. In this case, a gradual 
aggregation process can be observed independently of the Rayleigh number varying in 

the range from Ra ∼ 104 to Ra ∼ 107 at fixed Prandtl number Pr = 1. Here we report
the extension of our previous study by (1) an analysis of the three-dimensional energy 
transfer in spectral space and (2) the inclusion of (weak) rotation around the vertical 
axis. An analysis of the three-dimensional energy transfer in spectral space reveals that 
purely horizontal mode interactions play an important role even in three-dimensional 
flows. We find that the subset of two-dimensional modes establishes an inverse cascade 
via couplings between temperature and velocity Fourier modes driving the gradual 
aggregation. This proves that even fully turbulent three-dimensional flows that are 
subject to complex natural multi-scale forcing are capable of offering inverse cascades. 
We find that weak rotation around the vertical axis limits this gradual aggregation 
process effectively (see Fig. 1). Although global statistical measures are mostly 
unaffected, the final pattern size is determined by the strength of rotation which is 

characterized by Rossby numbers in the range ∞ ≥ Ro ≥ 1. Several series of 

simulations at different Ra indicate a linear scaling law of the final pattern size with Ro. 
Our studies might have interesting implications for atmospheric and stellar convection 
processes where heat fluxes are typically prescribed at the top and bottom boundaries 
of the convection zone. 

Fig. 1: Temperature field in the midplane for different thermal boundary conditions and 
different strengths of rotation. Weak rotation around the vertical axis limits the supergranule 
aggregation effectively (left two panels), yielding patterns that are still significantly larger than 
in the nonrotating case of isothermal boundary conditions (right-most panel). 
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Multiple heat transport maxima in confined-rotating 
Rayleigh-Bénard convection 

R. Hartmanna, R. Verziccoa,b,c, D. Lohsea,d and R. J. A. M. Stevensa

Moderate rotation or moderate horizontal confinement similarly enhance the heat 
transport in Rayleigh-Bénard convection (RBC). Here, we systematically investigate 
how these two types of flow stabilization together affect the heat transport. We 
conduct direct numerical simulations of confined-rotating RBC in a cylindrical setup 

at Prandtl number Pr=4.38, and various Rayleigh numbers 2∙108≤Ra≤7∙109. Within 

the parameter space of rotation (given as inverse Rossby number 0≤Ro-1≤40) and 

confinement (given as height-to-diameter aspect ratio 2≤Γ-1≤32), we observe three 
heat transport maxima. At lower Ra, the combination of rotation and confinement can 
achieve larger heat transport than either rotation or confinement individually, whereas 
at higher Ra, confinement alone is most effective in enhancing the heat transport. 
Further, we identify two effects enhancing the heat transport: (i) the ratio of kinetic 
and thermal boundary layer thickness controlling the efficiency of Ekman pumping, 
and (ii) the formation of a stable domain-spanning flow for an efficient vertical 
transport of the heat through the bulk. Their interfering efficiencies generate the 
multiple heat transport maxima. 
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Physics of Fluids Group and Max Planck Center for Complex Fluid Dynamics, Mesa+ Institute, 

and J.M. Burgers Center for Fluid Dynamics, University of Twente, P.O. Box 217, 7500 AE Enschede, 
The Netherlands

b
Dipartimento di Ingegneria Industriale, University of Rome ’Tor Vergata’, Via del Politecnico 1, 
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c Gran Sasso Science Institute - Viale F. Crispi, 7, 67100 L’Aquila, Italy 
d Max Planck Institute for Dynamics and Self-Organisation, Am Fassberg 17, 37077 Göttingen, 

Germany 

Figure 1: (a) Normalized heat transport Nu/Nu0 in the parameter space of rotation Ro-1 and 

confinement Γ-1 for Ra=7∙108 (circles - data points; background - cubic interpolation). A, B 
and C mark the positions of the three maxima. (b) Snapshots of the temperature field at the 
maxima A, B and C (from left to right). 
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Lagrangian tracking and temperature measurements in natural 
and mixed convective flow fields 

J.O. Rodríguez-Garcíaa, B. Ranjbarana, B. Turkyilmaza and A. Gylfasona 

Turbulence is present in a variety of natural and industrial flow processes, such as 
in the atmosphere and clouds, ocean currents, and industrial mixers. In these examples 
and many others, temperature differences, or gradients, play a critical role in the local 
structure of the turbulent field. 

Our research is concerned with the transport properties of convective turbulence, 
and, to address this, we have built octagonal convective cells with two aspect ratios; 
one with an aspect ratio of diameter over the height of 4/3 for studying natural 
convective cases, and another with an aspect ratio of 0,75 to study mixed convection, 
where the interaction between thermal convection and the turbulence created by to 
moving grids is investigated. The convective forcing is established with heating from 
below and cooling from the top.  

In order to have access to the local structures, such as thermal plumes, present in 
the convective and mixed convective turbulent fields, we apply a new methodology, 
combining our conventional three-dimensional particle tracking1, using four 
monochromatic cameras that observe tracer particles in the fluid, with an optical 
thermal field measurement by seeding the fluid with Thermochromic Liquid Crystals 
encapsulated in a particle and observed with a high-speed color camera. Additionally, 
and to ensure consistency, we measure local temperature with conventional thermal 
probes. 

Thermochromic Liquid Crystals measurements in fluid flow measurements are 
quite recent in the literature2. With our setups combined with conventional thermal 
probes, we aim to test the validity of this method and extend their use in natural and 
mixed convective cases. 

a
Department of Engineering, Reykjavik University, Menntavegur 1, 102 Reykjavík, Iceland 

1 Dumont, Thèse de doctorat de l’Université de Lyon opérée par l’École Normale Supérieure de Lyon
2021LYSEN057 (2021).
2 Moller et al., Meas. Sci. Technol. 30, 084006 (2019).
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Combining Lagrangian Particle tracking with temperature 
measurements using Thermocromic Liquid Crystals. 

B. Turkyilmaza, B. Ranjbarana, J.O. Rodríguez Garcíaa and A. Gylfasona

Temperature, velocity and acceleration measurements have a significance to the 
investigation of convective flow systems. The importance such flows is a consequence 
of the fact that they are fundamental to a variety of practical and industrial flows, in 
addition to their role in naturally occuring flow phenomena. Nonintrusive 
measurements of temperature, velocity and acceleration for convective flows are 
possible by utilizing colour signals of thermochromic liquid crystals (TLCs), particle 
image velocimetry (PIV) or Lagrangian Particle Tracking (LPT), simultaneously1.   
 In this study, a simple, three-dimensional flow field is generated by natural 
convection, due to heating from below and cooling from above. The purpose is to 
evaluate the performance of the above mentioned combined detection system, where 
LPT by 4 monochromatic cameras is used to evaluate particle dynamics, at the same 
time as the reflection colours of TLCs are monitored to perform temperature 
measurements by a single colour camera.  

We discuss calibration procedures that are inherent to the application of the TLC. 
The calibration is done locally and the Piecewise Cubic Hermite Interpolating 
Polynomial is used for relating hue values of TLCs colour signals and temperature. 
Low temperature limits sourced by periodical nature of hue is examined. The issues 
that are presented by combining two particle fields for the joint purpose of detecting 
temperature and particle dynamics, and we assess the uncertainties in temperature 
measurements and how they change in different regions of image. We also discuss the 
challenges posed by the methodlolgy, such as inhomogeneity in illumination and 
multiple camera angles. Finally, we discuss our image processing procedure.  

a
Dep. Engineering, Reykjavik University, Menntavegur 1., 102, Reykjavik, Iceland

279



Rotating Rayleigh-Bénard convection: DNS and unifying theory 

Jiaxing Songa and Xiaojue Zhub 

Turbulent rotating Rayleigh-Bénard convection (RRBC) can be considered as a 
simplified model to study convective turbulence in astrophysical and geophysical fluid 
flows. Three-dimensional direct numerical simulations of planar RRBC that cover a 

broad parameter range with Ekman numbers spanning 10−8 ≤ 𝐸𝑘 ≤ 10−4, Rayleigh

numbers within the range 106 ≤ 𝑅𝑎 ≤ 1013, and a Prandtl number (𝑃𝑟) of unity are
performed to study the physical process and scaling property of nonlinear regime of 
rotating convection. Similar to the Grossmann-Lohse theory1 in non-rotating Rayleigh-
Bénard convection, by decomposing the global kinetic energy and thermal dissipation 
rates into bulk and boundary contributions, a systematic theoretical scaling of the 

Nusselt number 𝑁𝑢 and of the Reynolds number 𝑅𝑒 in RRBC can be derived out and 
they are demonstrated to be compatible with present numerical results. Specifically, by 
proper choosing the characteristic velocity, temperature and length scales, the boundary 

layer stability criterion derived scaling of 𝑁𝑢~𝑅𝑎3𝑃𝑟𝐸𝑘4 in rotation-dominated

regime, and the diffusivity-free scaling of 𝑁𝑢~𝑅𝑎3/2𝑃𝑟−1/2𝐸𝑘2 in geostrophic regime
can be obtained, respectively.  

a
Max Planck Institute for Solar System Research, Göttingen, 37077, Germany

b
Max Planck Institute for Solar System Research, Göttingen, 37077, Germany 

1 Grossmann and Lohse, J. Fluid Mech. 407, 27 (2000).
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Universal scaling of transfer from boundary layers in natural 
convection heat loop 

F. Plourabouéa, M. Rudkiewicz,a,b. F. Davidb, G. Debenesta,
Natural convective loops are heat-transfer systems where self-sustained buoyancy 
driven convective flows provides efficient transfer without the need of external forcing. 
Since they are robust, simple, low cost, they are used in many domains such as 

geothermy, nuclear engineering1, combustion engines, solar water heaters, etc.. 
In this study we theoretically derive a scaling law for the Reynolds number Re versus 

Grashof number2,3 Gr (or equivalently the Graetz number Gz versus the Boussinesq 

number Bo) which provides a universal asymptotic behaviour associated with boundary 
layer transfer. This scaling is successfully compared with experimental measurements. 
The resulting transfer is mainly controlled by boundary layers formed at the entries of 
the hot & cold sections of the loop, as demonstrated by a complete computation of the 
solution obtained from a generalyzed Graetz mode decomposition and consistently 
compared  with Lévêque asymptotic solution. The approach has been applied to three 
families of natural convection loop having either imposed heat fluxes, imposed 
temperature, or both. In each case a universal scaling is found from considering the 
effect of singular pressure drop associated with the loop corners. The efficiency of the 
heat and cold horizontal parts of the loop is exemplified in the left figure providing a 

∼Gz-1/3 
scaling. The proposed scaling Re ∼Gr3/7 

is illustrated on the right pannel of the 

figure showing a very nice agreement with experimental scaling2. 

a IMFT UMR INPT-CNRS-UPS 5502, Toulouse, France b EDF, R&D Fluid Mech Energy & 
Environm, 6 QuaiWatier, F-78401 Chatou, France 
References 
[1] P.K Vijayan and H Austregesilo. Nucl. Eng. Desn, 152(1):331–347, 1994.
[2] J.P. Abraham, E.M. Sparrow & W.J. Minkowycz. Int. J. Heat Mass Transf, 54(1):584–588, 2011.
[3] N. M. Rao and B. Maiti & P. K. Das, Int. J. Heat Mass Transf, 48, 1403-1412, 2005.
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Fluid Mechanics of Human Thermal Plume 

Abhilash Sankarana, Thomas Fuchsa, Rainer Haina, Christian J. Kählera 

A human thermal plume contributes significantly towards indoor fluid flows1. Such 
flows impact the ventilation system designs like mixing and displacement ventilation. 
Further, the human thermal plume influences the dispersion of air constituents to and 
from the breathing zone2. This is also relevant in the transport of respiratory droplets 
which results in spread of respiratory diseases including COVID-19. One of the 
general scenarios in many ventilated spaces is the sitting condition which is the focus 
here.  
Experiments were performed with a thermal manikin and comparisons were made 
with a real human. The thermal plume is visualised by Stereoscopic PIV with the 
visualisation plane located 30 cm above the head parallel to ground. A comparison of 
the observed fluid flow is shown in Figure 1. The result shows that the thermal plume 
from a manikin without breathing function have many similarities in the average flow 
field above the head compared to a real person. Additionally, the plume axis 
wandering in time has been observed which resulted in non-axisymmetric flow above 
the head in both the cases. Such wandering has been reported before with plumes of 
low temperature sources including for human thermal plume3. Various scenarios in 
case of real person with and without mask on and talking would be presented in the 
conference. In addition, the integral fluxes like volumetric flux and momentum flux 
are calculated, which would also be detailed in the presentation. 

Figure 1: Comparison of vertical velocity contour and overlaid in-plane vector field 30 cm 

above (a) thermal manikin and (b) real person. 

a
Institute of Fluid Mechanics and Aerodynamics, Universität der Bundeswehr München, 85579 

Neubiberg, Germany 
1 Licina et al., Building and Environment 75, 79 (2014).
2 Sun, Li, and Han, Environmental Chemistry Letters 19, 1971 (2021)
3 Bogdan et al., J. Building Engineering 45, 103596 (2022)
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Turbulent plumes in asymmetric rough Rayleigh-Bénard cell 

G. de Romemonta, S. Rosenkranza, Y. Fraigneaua and A. Sergenta,b

In a real thermal system, the underlying surfaces involve specific topographies or small-
scale roughness which have a significant impact on the heat transfer. Particularly, in the 
case of turbulent convection, the addition of wall roughness results in a global heat 
transfer enhancement and even in an increase of the exponent of the heat transfer 
scaling law [1, 2]. It is commonly admitted that the heat transfer enhancement originates 
from an intensification of the thermal plume emission. In the present study, we consider 
convection over a regularly roughened plate in a Rayleigh-Bénard cell. The objective of 
this work is to identify how roughness changes the plume features and their dynamics, 
depending on the regime. Three-dimensional direct numerical simulations have been 
performed for Rayleigh numbers covering five decades up to Ra=1010 and for two 
roughness sizes. As expected, the three heat transfer regimes have been obtained [3]. 
Taking advantage of the cavity asymmetry, we conduct a comparative study of the 
plume dynamics near the rough and smooth horizontal plates within the same set-up. 
Based on thermal and velocity fluctuations, thermal plumes are extracted from the 
turbulent background. Temporal and spatial statistical properties of the plumes are 
analysed in the mixing layer of both cavity sides in terms of fluctuations or energy 
content. Interactions between roughness, plumes, large scale circulation and turbulent 
background are also investigated. 

a
Université Paris-Saclay, CNRS, Laboratoire Interdisciplinaire des Sciences du Numérique (LISN), 

F-91405 Orsay, France
b

Sorbonne Université, Faculté des Sciences et Ingénierie, UFR Ingénierie, F-75005 Paris, France 
1 Xie and Xia. J. Fluid Mech. 825, 573 (2017).
2 Rusaouën et al., J. Fluid Mech. 837, 443 (2018).
3 Belkadi et al. J. Fluid Mech. 923, A6 (2021).

Figure 1: Thermal plumes in a water-filled cell at Ra=1010 with several hundred blocks 

roughened on the bottom plate.  
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Dissecting turbulent plumes in a crossflow
Maarten van Reeuwijka, Gabriel G. Rooneyb, Benjamin J. Devenisha,b 

and Owen J. Jordana 

We use direct numerical simulation to investigate the integral behaviour of buoyant 
plumes subjected to a uniform crossflow that are infinitely lazy at the source. We find 
that neither a plume trajectory defined by the centre of mass of the plume zc nor a 
trajectory defined by the central streamline zU is aligned with the average streamlines 
inside the plume (Figure 1). Instead, zc and zU are both shown to correlate with field 
lines of the total buoyancy flux, which implies that a model for the vertical turbulent 
buoyancy flux is required to faithfully predict the plume angle.  

Figure 1: Streamlines (blue), together with zc (thick black line), zU (thick dotted line), the 

plume boundaries (dashed line) and the y-averaged buoyancy field (in grey). (a) Streamlines of 
mean velocity. (b) Field lines of mean buoyancy flux. (c) Field lines of total buoyancy flux. 

A study of the volume conservation equation shows that entrainment due to 
incorporation of ambient fluid with non-zero velocity due to the increase in the 
surface area (the Leibniz term) is the dominant entrainment mechanism in strong 
crossflows. The data indicate that pressure differences between the top and bottom of 
the plume play a leading role in the evolution of the horizontal and vertical 
momentum balances and are crucial for appropriately modelling plume rise. By direct 
parameterisation of the vertical buoyancy flux, the entrainment and the pressure, an 
integral plume model is developed which is in good agreement with the simulations 
for sufficiently strong crossflow.  

a
Dept of Civil and Environmental Engineering, Imperial College London, UK

b
Met Office, FitzRoy Road, Exeter EX1 3PB, UK 
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Scaling relations for heat and momentum transport in sheared 
turbulent thermal convection

G. S. Yerragolama, R. Verziccob,a, D. Lohsea,c, and R. J. A. M. Stevensa 

We propose scaling relations for the non-dimensional heat transport given by the 

Nusselt number 𝑁𝑢 and the non-dimensional momentum transport given by the shear 

Reynolds number 𝑅𝑒𝜏 in sheared Rayleigh-Bénard (RB) flow and unstably stratified 

channel flow for Rayleigh number 106 ≤ 𝑅𝑎 ≤ 108, Prandtl number 0.5 ≤ 𝑃𝑟 ≤ 5, and

wall/bulk Reynolds numbers 0 ≤ 𝑅𝑒 ≤ 104. The counter-intuitive initial decrease and

subsequent increase in 𝑁𝑢 with increasing 𝑅𝑒 has been observed by various recent 
studies1,2,3. Extending the Grossman-Lohse4 unifying theory of thermal convection to 

sheared thermal convection, we propose 𝑁𝑢/𝑁𝑢0 ~ (𝑅𝑒/𝑅𝑒𝐿0)0 for the buoyancy-

dominated regime, 𝑁𝑢/𝑁𝑢0 ~ (𝑅𝑒/𝑅𝑒𝐿0)−1/5 for the transitional regime, and

𝑁𝑢 ~ 𝑃𝑟1/2𝑅𝑒𝜏
2𝑅𝑒−1 for the shear-dominated regime, with 𝑁𝑢0 and 𝑅𝑒𝐿0 being the

Nu and Re number associated with the large-scale circulation of the corresponding RB 
system with no shear, respectively. In the presence of a laminar Blasius type kinetic 

boundary layer, we observe 𝑅𝑒𝜏~𝑅𝑒1/2 whereas in the case of a turbulent kinetic

boundary layer, we observe 𝑅𝑒𝜏~𝑅𝑒7/8 consistent with the Blasius friction coefficient

law (𝐶𝑓~𝑅𝑒−1/4). The scaling laws show good agreement with the results from direct

numerical simulations in the aforementioned parameter range of 𝑅𝑎, 𝑃𝑟, and 𝑅𝑒. 

a
Physics of Fluids Group, University of Twente, Enschede, The Netherlands

b
Dipartimento di Ingegneria Industriale, University of Rome "Tor Vergata", Roma 00133, Italy

c
Max Planck Institute for Dynamics and Self-Organization, Am Fassberg 17, 37077 Göttingen, 

Germany 
1 Blass et al., J. Fluid Mech. 897, A22 (2020) 
2 Pirozzoli et al., J. Fluid Mech. 821, 482-516 (2017) 
3 Scagliarini et al., Phys. Rev. E 89, 043012 (2014) 
4 Grossman & Lohse, J. Fluid Mech. 407, 27-56 (2000) 

Figure 1: (a) 𝑁𝑢/𝑁𝑢0 plotted against 𝑅𝑒/𝑅𝑒𝐿0 and (b) 𝑅𝑒𝜏/𝑅𝑒𝐿0
3/4

plotted against 𝑅𝑒/𝑅𝑒𝐿0 for
the sheared Rayleigh-Bénard system. 
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Large-scale coherent structures in turbulent Rayleigh-Bénard 
convection at low Prandtl number

S. Sua, M. Akashia, F. Schindlera, T. Vogta and S. Eckerta

Large scale coherent structures have been observed in numerous types of turbulent 
flow. In thermal convection, understanding and characterising the evolution of the 
flows provides key insights into the structure formation process.  

In the classic Rayleigh-Bénard convection, recent numerical studies have 
demonstrated the presence of turbulent super-structures in large aspect ratios1,2 
Γ = length/height > 4, providing points of comparison for natural convection 
patterns in astrophysical systems. In laboratory experiments, several patterns of large-
scale turbulent structures filling the extent of the domain, or large scale circulations 
(LSC), have been observed in closed containers of smaller aspect ratio.  Recent studies 
of turbulent convection (Rayleigh number Ra >105) at low Prandtl numbers (Pr << 1)
at Γ = 2 and 5, showed that the dominant structure is fully three dimensional and can 
be decomposed in a lattice of jump rope vortices3,4. 

In order to better understand those turbulent large-scale structures, we aim to 
extend the existing experimental studies and provide a comparison for numerical 
simulation results at larger aspect ratios. We built a new ambitious experimental setup 
of aspect ratio Γ = 25 (1m x 1m x 4cm) heated from below and cooled from above, 
filled with the eutectic metallic alloy GaInSn (Pr = 0.03). The experimental setup is
instrumented with an unprecedented number of temperature and velocity sensors 
(Ultrasound Doppler Velocimetry) to characterise and investigate the flow structures.  

a
Institute of Fluid Dynamics, Helmholtz-Zentrum Dresden—Rossendorf, Bautzner Landstraße 400, 

01328 Dresden, Germany 
1 Pandey, A. et al, Nature communications, 9(1), 1-11 (2018).
2 Stevens, R. J. et al., Phys. Rev. Fluids, 3(4), 041501 (2018).
3Vogt, T, et al., Proc. Natl. Acad. Sci. U. S. A., 115(50), 12674-12679 (2018). 
4Akashi, M., et al., J. Fluid Mech., 932, A27 (2022).
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Quasi-static Magnetoconvection in a Rotating Tangent Cylinder 

Alban Pothérata and Kélig Aujogue 

Convection is the beating heart of planets such as the Earth: the rate at which the 
planet, cools spins-down and the dynamics of its magnetic field are all controlled by 
the complex interplay between buoyancy, the Coriolis force due to planetary rotation 
and the Lorentz force in the liquid region of the planet. Yet the combination of these 
three forces and the extreme regimes in which they operate makes the resulting 
rotating magnetoconvection particularly arduous to elucidate. The main effect of 
rotation is to oppose fluid motion across an imaginary surface in the shape of a 
cylinder extruded from the equatorial perimeter of the solid inner core along the 
rotation direction, and up to the boudnary between the liquid core and the mantle1.  
Recent work susggests that intense flow wihin this region may participate in the 
planetary dynamo that sustains the Earth’s magnettic field2. Yes the mechanisms 
driving the flow within this region are yet ot be understood.  
 We present The Little Earth Experiment3, an original device where all these 
ingredients are present, and where rotating magnetoconvective patterns are visualised 
for the first time. The principle of the experiment is to model the liquid core with a 
hemispherical vessel representing the core-mantle boundary, with a cylindrical heating 
element placed at its centre modelling the solid inner core and the buoyancy it creates. 
The vessel is filled with a transaparent electrolyte driven in rotation and placed inside 
a lagre magnet immitating the feedback of  the Earth’s magnetic field on the flow. 
Particle image velocimetry and thermoucouples provide access to velocity maps and 
locatl temperature meausurements.  
We find that similarly to non-magnetic rotating convection4, mildly supercritical 
convection in these conditions features bulk modes made of thin plumes and wall 
modes sitting on the TC’s boundary. both interact nonlinearly as criticality 
increases.The Lorentz force, however alters the impermable condition at the TC’s 
boundary, resulting in a radial flow there. This effect reshapes the global flow inside 
the TC, and in particular the azimuthal thermal wind that occupies the entire volume. 

_________________________ 

a Fluid and Complex Systems Research Centre, Coventry University, Coventry CV1 5FB, UK
1Aurnou et al., Earth Planet. Sci. Lett. 212, 119 (2003).
2Schaeffer et al. Geophys. J. Int. 211, 1 (2017).
3Aujogue et al., Rev. Sci. Instrum. 87, 084502 (2016).
4Aujogue et al., J. Fluid Mech. 843, 355 (2018).
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Reconstruction and Modulation of Thermal
Convective Flows through heat injection

Lokahith Agasthya  a  ,b,c, Luca Biferalea, Patricio Clark Di
Leonid, Matthias Ehrhardtb, Andreas Bartelb, Federico

Toschie

Thermal convection plays an important role in several systems.
We  use  the  data  assimilation  technique  of  nudging,  which
introduces a forcing term in the dynamic equations to force a
system  to  evolve  as  close  as  possible  to  a  set  of  known
measurements.  A  nudging  scheme  1 using  only  partial
temperature observations is used to reconstruct Rayleigh-Benard
convection  at  varying  degrees  of  turbulence.  It  is  found  that
temperature data alone is sufficient to reconstruct the flow for
moderately turbulent flows while for highly turbulent  flows, the
reconstruction is  only partial.  Nudging is  also assessed for its
ability to reconstruct the temperature field from sparse data. 

The technique of applying a forcing term is further extended
with virtual, massless tracer particles, which release or absorb
heat in their vicinity depending on the local fluid velocity. This
idealisation is applied on a 2D domain where the walls top and
bottom  walls  are  adiabatic  to  construct  a  novel  convective
system. The system  shows a stable  temperature  gradient with
either  a  quiescent,  laminar  flow  with  only  small  scale
perturbations or with an aggregate effect of particles forming a
flow with large scale thermal convection. The transition between
the  two  states  is  found  to  be  extremely  sharp  and  is
characterised by a large increase in turbulent kinetic energy and
heat transfer. 

a Department of Physics, University of Rome “Tor Vergata”, Rome, Italy
b Angewandte Mathematik und Numerische Analysis, Bergische Universitat 

Wuppertal, Wuppertal, Germany
c Computation-based Science and Technology Research Center, The Cyprus 

Institute, Nicosia, Cyprus
d Departmento de Física, Universidad de Buenos Aires, Argentina
e Applied Physics, Eindhoven University of Technology, The Netherlands
1 Agasthya et al. Physics of Fluids 34.1 015128 (2022).

Figure 1: Lagrangian thermally forced system showing a stable
configuration (left) and a convective configuration (right) 
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Onset of convective dissolution in a vertical cylindrical cell 

D.P.Faasena, D. van der Meera, D. Lohsea and P. Peñasa

The dissolution and subsequent mass transfer of carbon dioxide gas into liquid 
barriers plays a vital role in many environmental and industrial applications. The 
downward dissolution of CO2 into a vertical water barrier leads to the formation of a 
CO2-rich water layer, which is denser in comparison to pure water. While initially 
stable, the continued dissolution of CO2 into the water barrier results in the layer 
becoming gravitationally unstable, leading to the onset of buoyancy driven 
convection1. By adding sodium fluorescein, a pH-sensitive fluorophore, we directly 
visualise the dissolution and transport of CO2 across a liquid barrier confined in a 
vertical cylindrical cell, as shown in figure 1. Subsequently, we study the front 
propagation dynamics of the buoyant plume in different transport regimes, 
differentiated by the propagation dynamics of the CO2 front: First, the propagation of 
the front is fully governed by diffusion, and thus referred to as the diffusive regime. 
After the onset of convection, the CO2 front appears to continue to evolve in time in 
a diffusive manner, but with a much larger diffusion coefficient as expected for CO2 in 
water2. This second regime is therefore referred to as the diffusive-convective regime. 
Finally, the system transitions into a third regime, the “late” convective regime3. By 
comparing the behaviour of the buoyant plume to the behaviour of a viscous laminar 
thermal observed in heat transfer systems, we successfully explain the roots of the 
observed transport regimes, their scaling relations, and the mechanics behind the 
transitions between the regimes. 

Figure 1 Fluoresence images of the initial dissolution process of CO2 in a vertical liquid
column within a cylindrical cell. At t = 0, the upper interface is exposed to a CO2 gas ambient 
and subsequently, a CO2 containing layer (dark region) propagates downwards.

a Physics of Fluids group, Faculty of Science and Technology, University of Twente, P.O. box 217, 
7500AE Enschede, The Netherlands 

1 Faasen et al, Phys. Rev. Fluids, 6, 113501 (2021).
2 Farajzadeh et al, Ind. Eng. Checm. Res. 48, 6423 (2009) 
3 Gholami et al, J. Mol. Liq. 202, 23 (2015).
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Harmonically modulated turbulent thermal 
convection 

P. Urbana, T. Králíka, V. Musilováa, P. Hanzelkaa, M. Maceka,
D. Schmoranzerb and L. Skrbekb,

Confined turbulent statistically steady Rayleigh-Bénard convection represents a very 
useful laboratory tool and belongs to the family of most frequently studied turbulent 
flows. Here, we present experimental work on the harmonically modulated turbulent 
Rayleigh-Bénard convection for various frequencies fm and amplitudes A of 
temperature modulation applied to the cooled (top) and heated (bottom) plate of our 

aspect ratio 𝐺 = 1 cylindrical Rayleigh-Bénard convection cell1. We observed 
significant enhancement of heat transfer efficiency – represented by Nusselt number – 
studied over four decades of Rayleigh numbers 4 x 108 < Ra < 2 x 1012, in accord with 
the recent numerical prediction2, but performed for Ra up to 109 only. From 
dependences of heat transfer efficiency on amplitude of temperature modulation, we 
explained why no enhancement was noticed in previous experiment3. In parallel, we 
probed the flow of our working fluid – cryogenic helium gas – by temperature sensors 
placed in the cell interior and embedded in the highly conducting top and bottom 

copper plates. We detected and analysed the relative depth AS(r)/A and the phase (r)
of dimensionless temperature modulation of the top and bottom plates at various 
position r in the turbulent bulk of the convective flow in the cell. We discuss the
underlying physics of thermal waves propagation in our convection cell in terms of 

developed physically-motivated models evaluating AS(r)/A and (r). Finally, we
analysed the Reynolds numbers associated with the modulated large scale circulation, 
determined from time records of one-point and two-point temperature fluctuations, 
measured near the sidewalls at approximately mid-height of the cell.  
This research is funded by the Czech Science Foundation under GA 20-00918S. 

a
The Czech Academy of Sciences, Institute of Scientific Instruments, Královopolská 147, 612 64 

Brno, Czech Republic
b

Charles University, Faculty of Mathematics and Physics, Ke Karlovu 3, 121 16 Prague, Czech 

Republic 
1 Urban et al., Phys. Rev. Lett. (2022).
2 Yang et al., Phys. Rev. Lett. 125, 154502 (2020).
3 Niemela et al., Phys. Rev. Lett. 100, 184502 (2008).
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Effect of boundary conditions in turbulent thermal convection in 
cryogenic helium gas experiments 

M. Maceka, P. Urbana, T. Králíka, P. Hanzelkaa, T. Věžníka,
V. Musilováa and L. Skrbekb

Confined 3D turbulent Rayleigh-Bénard convection (RBC) serves as a model 
system to understand many natural phenomena and represents the most frequently 
studied thermally driven turbulent flow.  

We report an experimental study aiming to clarify the role of boundary conditions 
(BC) in high Rayleigh number 108 < Ra < 3 × 1012 turbulent thermal convection in 
cryogenic helium gas1. We switch between BC closer to constant heat flux (CF) and 
constant temperature (CT) by a PID-control applied to the highly conducting bottom 
plate of the aspect-ratio-one cylindrical cell 30 cm in size. We inspect the physical 
properties of the working fluid as well as of construction materials of the RBC cell 
crucial for controlling the transition between the CF/CT types of BC. These are 
compared with estimates for the corresponding properties in hypothetical turbulent 
RBC flows generated in the same cell with other frequently used working fluids - 
H2O and SF6 - at the same Ra, but at room temperature T = 300 K1.  

Changing the BC in our experiments leads to dramatic changes in the temperature 
probability density function and in power spectral density of the temperature 
fluctuations measured in the bottom plate, while the dynamic thermal behaviour of 
the top plate and bulk convective flow remain unaffected. Within our experimental 
accuracy, we find no appreciable changes in dimensionless momentum transfer 
expressed by Reynolds number Re(Ra) scaling, in the dimensionless heat transfer 
efficiency expressed via Nusselt number Nu(Ra) scaling, nor in the rate of direction 
reversals of large scale circulation. The results are compared with previous 
experiments using water2 and with numerical simulations3, 4. 

We acknowledge funding by the Czech Science Foundation project GC21-06012J. 

a
The Czech Academy of Sciences, Institute of Scientific Instruments, Královopolská 147, 612 64 

Brno, Czech Republic
b

Charles University, Faculty of Matematics and Physics, Ke Karlovu 3, 121 16 Prague, Czech 

Republic 
1Urban et al, EPL 134 34003 (2021). 
2Huang et al, Phys. Rev. Lett., 115 154502 (2015). 
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Natural convection in Phase Change Material: experimental study 
J. NOELa, C. METIVIERa, N. SGREVAa, S. LECLERCa

Natural convection in phase change materials PCMs is widely studied by theoretical and 
numerical means1,2. However, few experimental investigations exist certainly because PCMs 
are opaque in solid phase. In this study, we investigate the influence of Rayleigh-Bénard 
Convection (RBC) on solid-liquid interface, by using Magnetic Resonance Imaging. A PCM, 
hexadecane with melting point of 𝑇𝑚 =  17.9°𝐶, is placed in a cylindrical cavity. Initially the 

sample is fully solid and maintained below 𝑇𝑚. Then, we apply a vertical temperature 
gradient so that the PCM melts and a liquid layer develops from the bottom wall. In the 
conductive regime, the liquid-solid interface is flat and horizontal. The continuous melting 
of the solid leads to an increase of the fluid depth. Within our experimental conditions, the 
convection occurs above 𝑅𝑎 ≈ 1430. The thermo-convective flow affects the melting 
interface leading to a wavy interface, with higher liquid height in uprising flow and lower 
liquid height in downward flow regions (Fig. 1a). The transient evolution of the mean liquid 

height  ℎ̅ is enhanced with convection since ℎ̅ ∝ 𝑡0.8, while ℎ̅ ∝ 𝑡0.5 in the conductive regime 

similarly to the Stefan's problem. The steady averaged liquid height ℎ̅ increases 4 times larger 
in the convective regime than in the conductive regime. For 𝐴, ratio between the solid and 
liquid heights, such as 𝐴 > 1.5, we obtain convective pattern under the form of hexagons / 
polygons, in agreement with Davis et al.3. As the melting boundary grows, the polygon 
number decreases. However, the pattern is characterized by constant dimensionless 

wavelength, i.e. 𝜆/ℎ̅ ≈ 2, and wavenumber around 3.1 similarly to the primary bifurcation 
in the classical RBC. The convection intensity is evaluated via the Nusselt number 𝑁𝑢 and 

the kinetic energy 𝐸𝑐  . Our results lead to 𝑁𝑢 ∝ 𝑅𝑎𝛽 with 𝛽 =
1

4
and 𝐸𝑐/𝐸0 ∝ 𝑁𝑢4.

a Université de Lorraine, LEMTA, CNRS - NANCY, 54000, FRANCE 
1 S. Madruga, et al., Int. Com. Heat Mass Transfer, vol. 98, pp. 163-170, 2018. 
2 B. Favier, et al., Journal of Fluid Mechanics, vol. 858, pp. 437 – 473, 2019. 
3 S. H. Davis, et al., Journal of Fluid Mechanics, vol. 144, pp. 133-151, 1984. 

Fig. 1 Vertical velocity in a) vertical and b) horizontal section (Ra=8.4 103). Gray: solid phase. 
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Figure 1: The visualization of the density field from DNS of compressible thermal 

convection. Gravity acts along the negative y-direction  

Compressibility effects   on turbulent convection

John Panickacheril John1, Jörg Schumachera 

Convection is a major phenomenon occurring in nature and many engineering 
applications. Compressibility effects, in particular, are important in solar convection 
and can help to understand non-Oberbeck-Boussinesq (non-OB) effects. We propose 
to do a systematic study of compressible turbulent convection. We have developed a 
massively parallel direct numerical simulation code cConv to simulate compressible 
turbulent convection solving the compressible Navier-Stokes. It is based on a high-
order compact finite-difference scheme. In the figure below, we show a preliminary 
result of the density contours representing the plumes arising from the bottom plate.  

1
Institute of Thermodynamics and Fluid Mechanics, Technische Universität, Ilmenau, D-98684 

Ilmenau, Germany
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Natural convection and characterization of a Composite Phase 
Change Material

N.R. Sgrevaa, C. Metiviera, S. Leclerca, J. Noela and M. Isaieva 

We present an experimental study of Rayleigh-Benard Convection (RBC) in a 
Composite Phase Change Material (C-PCM), i.e. a PCM-saturated porous matrix which 
is heated from below and cooled from above. In parallel we also provide a procedure 

to proper characterize the considered system (i.e. the bulk PCM1 and the composite-
system) based on multi-scale and multi-physical analysis. Although its importance in 
many fields (e.g. in thermal energy storage systems, in several settings in geophysics, 
etc.), experiments of RBC in C-PCMs remain rare mainly due to the opacity of the 
system that prevents the use of classical optical methods of fluid flow analysis. To 
address this problem, we use Magnetic Resonance Imaging (MRI) to investigate RBC 
in a cylindrical cavity filled with a structured kelvin-cell solid foam with large porosity 
and a pure PCM, both with a similar thermal conductivity. A temperature difference Δ𝑇 

is applied vertically to the composite layer. MRI allows us to differentiate solid and 
liquid phase (Fig.1a), to measure velocity vectors in liquid phase (Fig.1b) and to measure 
temperature fields (Fig.1c). Such structured foams have the advantage of avoiding 
defects and ensuring uniformity in terms of porosity in the entire cavity volume. Results 
obtained with glycerol and fully-liquid PCM show indeed an onset of convection on the 
entire volume of the cavity, and a convective pattern that evolves from parallel rolls to 
polygons as Δ𝑇 increase. When the PCM is partially melted, however, the pattern in the 
liquid layer is polygonal at the onset of convection. The influence of the host matrix is 
evaluated for the melting process by following the solid/liquid-phase interface at the 
pore scale and the intensity of convection through time. By comparing them with the 

case without foam2, we find that for similar Δ𝑇 the presence of the host matrix leads to 
lower convective velocities and slightly lower mean liquid height. The understanding of 
flow features requires also a clear knowledge of the system properties. Given the 
complexity of the C-PCM system, their determination is non-trivial and special attention 
is required in assessing the undesired effects, e.g. undercooling effects that have a strong 
influence on the phase change process. Thus, we also provide a full thermo-physical 
characterization of the whole C-PCM used for experiments. 

a
Université de Lorraine, LEMTA, CNRS - Nancy, 54000, France 

1 N.R. Sgreva et al., Thermochim. Acta vol. 710, p. 179180 (2022)
2

J. Noël et al., Int. J. Heat and Mass Transfer vol. 183, p. 122047 (2022)

Figure 1: Planar view of RBC with a solid foam from MRI. (a) Liquid proton density, (b) velocity field 

(color bar between −1 and 1 × 10−4 m/s) and (c) temperature field (color bar between 18 and 34 ℃). 
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Interaction of a turbulent plume with a sharp density interface 

S. Vauxa, R. Mehaddib and O. Vauquelinc

Turbulent miscible Boussinesq plumes discharged vertically from a round source into 
a Boussinesq two-layer stably stratified infinite environment with a sharp interface are 
investigated numerically using large-eddy simulations. At the interface level, when the 
density of the impacting plume is greater than the upper layer density, the plume is 
captured by the density stratification (Fig. 1a) giving birth to a fountain (of radius bi, 
velocity wi, density ρi  and the associated interfacial Froude number Fri). The emerging 
fountain is a quasi-steady flow, and during the steady state, its height stabilizes around 
a value of Hf from the interface location Hl

1. The numerical simulations cover a wide 
range of the source plume Richardson number Г0 and of the interface height Hl. Our 
simulations (using CALIF3S-Isis software) show that the non-dimensional steady 
penetration height Hf/bi can be represented by three distinct power-law relationships 
of the interfacial Froude number (Fig. 1b), as observed in the case of turbulent 
fountains in a homogeneous ambient [2-3]. In addition, we compare with previous 
studies the entrainment rate E=Qe/Qi characterizing the ratio between the volume 
flux Qe of ambient fluid entrained by the emerging fountain and the volume flux Qi of 
the plume at the interface. Finally, based on theoretical considerations, we can 
correctly approximate the steady height Hf in terms of a stratification parameter Ω.  

a
Institut de Radioprotection et de Sûreté Nucléaire (IRSN), PSN-RES, SA2I, LIE, Cadarache, 13115 

St-Paul lez-Durance, France
b

Université de Lorraine, CNRS, LEMTA UMR 7563, 54518 Vandoeuvre-lès-Nancy, France 
c

Aix-Marseille Université, CNRS, IUSTI UMR 7343, 13013 Marseille, France 
1   Vaux et al., Fire Technol. 57, 1969 (2021).
2  Burridge and Hunt, J. Fluid Mech. 691, 392 (2012).
3  Vaux et al., J. Fluid Mech. 867, 374 (2019).

(a) (b) 

Figure 1: (a) Illustration of a turbulent plume in a stable two-layer environment. (b) 

Dimensionless penetration height Hf/bi as a function of the interfacial Froude number Fri. 
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Free-fall velocities and heat transport enhancement in liquid metal 
magneto-convection 

T. Vogta, J.C. Yanga,b, S. Eckerta

In geophysics and astrophysics, thermal convection often takes place in fluids with 
low Prandtl numbers and is often influenced by magnetic fields. We investigate the 
effect of a static, horizontal magnetic field on liquid metal Rayleigh-Bénard convection 
by means of laboratory experiments. Although a static magnetic field acts as a 
stabilizing force on the flow field, we find that self-organized convective flow 
structures reach an optimal state where the heat transport significantly increases and 
convective velocities reach the theoretical free-fall limit1, i.e. the maximum possible 
velocity a fluid parcel can achieve when its potential buoyant energy is fully converted 
into kinetic energy. Our measurements show that the application of the magnetic field 
leads to an anisotropic, highly ordered flow structure and a decrease of the turbulent 
fluctuations. When the magnetic field strength is increased beyond the optimum, 
Hartmann braking becomes dominant and leads to a reduction of the heat and 
momentum transport. The results are relevant for the understanding of magneto-
hydrodynamic convective flows in planetary cores and stellar interiors in regions with 
strong toroidal magnetic fields oriented perpendicular to the temperature gradient. 
Our results show how intense MHD convective flows can get and indicate the 
relevance of corresponding studies, either numerical or experimental, to predict 
scaling relations for related geo and astrophysical applications. 

Figure 1: (left) Relative deviations of the heat transfer from the reference state of convection 

without magnetic field (Nu−Nu0)/Nu0 as a function of the Hartmann number Ha. (right) Ha 
dependence of the normalized horizontal velocity amplitudes. 

a Institute of Fluid Dynamics, Helmholtz-Zentrum Dresden-Rossendorf, 01328 Dresden, Germany 
b

State Key Laboratory for Strength and Vibration of Mechanical Structures, School of Aerospace, 

Xi’an Jiaotong University, Xi’an, Shaanxi 710049, PR China 
1 Vogt et al., J. Fluid Mech. 915, A68 (2021).
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 Heat transfer and fluid flow analysis of Double backward-facing 
stepped channel with obstacles: A three-dimensional study 

Vishnu Ma  and  K Arul Prakashb 

 The flow separation followed by reattachment can be found in many practical 
engineering applications. This phenomenon induced by flow velocities and physical 
models under consideration critically influences the heat transfer mechanisms and has 
detrimental effects like uneven heat loading in thermal equipment. This type of flow 
phenomenon is encountered in chemical manufacturing equipment, electronic 
cooling, nuclear reactors, gas turbine blades, combustion chambers, heat exchangers 
with high performance, and many other energy system equipments. Although much 
research [1-3] is being done on the separated flow in channels, very little research 
works to address the heat transfer enhancement near the separating flow region. The 
objective of the present study is to analyze the fluid flow and heat transfer 
characteristics associated with separated fluid flow through a Double backward-facing 
stepped channel with elliptic obstacles placed near the steps. For this purpose, 
governing equations for fluid flow and thermal energy are solved in the Cartesian 
framework using an in-house code based on Streamline Upwind/Petrov-Galerkin 
(SUPG) Finite Element method [4]. Figure 1(a) shows the schematic description of 
the computational domain considered for the study. In this study, fluid flow and heat 
transfer characteristics in a double forward-facing stepped channel are analyzed for 
different Reynolds number values (Re = 300, 500, 800, 1000) and the axis ratio of 
obstacles (0.25,0.50, 0.75 1.0). Figure 1(b) shows the streamlines and temperature 
contour along the three lateral locations. Reduction in recirculation region length and 
enhancement of surface averaged Nusselt number near the steps are observed. 

a,b
Department of Applied Mechanics, IIT Madras, Chennai, India 

1 Armaly et al., J. Fluid Mech. 127, 473–496 (1983).
2 Öztop et al., Int. Commun. Heat Mass Transf.  39, 1395-1403 (2012).
3 Öztop et al., Int. Commun. Heat Mass Transf.  33, 508-517 (2006).
3 Brooks and  Hughes,. Computer Methods in App. Mech. and Engg. 32(1–3), 199–259., (1982).

Figure 1: (a) Computational domain. (b)Streamlines and temperature contour 
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The Basset-Boussinesq history force on a drop 
immersed in a uniform oscillatory flow 

H. Godéab, S. Chartona, E. Climent and D. Legendre

Understanding the dynamic behavior of fluid spheres immersed in a viscous fluid is 

important for many applications encountered in natural and industrial situations. The 

history force due to unsteady viscous diffusion of momentum is well documented for 

solid particles and bubbles, but a gap needs to be filed for droplets of intermediate 

viscosity. No analytical solution of the Basset-Boussinesq force for droplets is yet 

available. Some preliminary research has been conducted by Legendre et al. (2019) who 

proposed an explicit expression for the history force kernel based on an analogy with 

slip boundary condition for solid particles. This expression has been validated for drop 

release in a steady flow. 

We have further investigated the range of validity of this expression in an oscillatory 

flow which is encountered in liquid-liquid extraction columns. From an extensive 

parametric study, we have observed that the contribution of the history force on the 

total force experienced by the droplet, is directly related to its Stokes number and 

viscosity ratio with the surrounding liquid. The history force contribution is important 

for Stokes number ranging between 3x10-3 and 3. The history force expression we have 

tested shows excellent correlation with the history force obtained from direct numerical 

simulations, except for Stokes numbers larger than 10, where its value is underestimated, 

the total force being nevertheless correctly approximated.  

We will present numerical approximation methods that have great accuracy and high 

computational efficiency, which will allow easier consideration of the contribution of 

the history force in Lagrangian tracking simulations of droplets.  

- The Basset-Boussinesq history force of a fluid sphere. D. Legendre, A. Rachih, C.

Souilliez, S. Charton and E. Climent (2019) Phys. Rev. Fluids. 4, 073603.

a CEA, DES, ISEC, DMRC, Univ. Montpelier, Marcoule, France 

b Institut de Mécanique des Fluides de Toulouse, CNRS, Univ. de Toulouse, France 
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The initial impact of drops cushioned by an air or vapor layer: the 
dynamic Leidenfrost temperature

José Manuel Gordilloa and Guillaume Ribouxa 

In this presentation we discuss the conditions under which a drop directed normally 
towards a superheated or isothermal substrate prevents the initial contact with the 
solid by skating over a micrometer-sized vapor or air layer. The results have been 
obtained analysing the gas flow at the spatio-temporal region where the maximum 
liquid pressure is attained, which is also where and when the minimum values of the 
film thickness are reached. For the common case in which WeSt-1/6≥O(1), where 

We=lU2R/ and St=lUR/a  denote, respectively, the Weber and Stokes numbers, 
we find that capillary effects are negligible and the ratio between the minimum film 

thickness and the local drop radius of curvature is hm/R α St-7/6, with l, , a, U and 
R indicating the liquid density, the interfacial tension coefficient, the gas viscosity, the 
impact velocity and the drop radius, respectively. In contrast, when WeSt-1/6 ≤O(1), 
capillary effects can no longer be neglected and hm/R α We-1/3 St-10/9. The predicted 
values of the minimum film thickness are compared with published experimental data, 
finding good agreement between predictions and measurements for the cases of both 
isothermal and superheated substrates. In addition, using mass conservation, we have 
also deduced an equation providing the minimum value of the substrate temperature 
for which a central vapor bubble grows at the wetting velocity deduced in [1]. The 
predicted values are in good agreement with the dynamic Leidenfrost temperatures 
reported by [2] and so, our equation could be used to prevent the undesired burnout 
phenomenon in heat transfer applications. 

a
Dept. Ingeniería Aeroespacial y Mecánica de Fluidos, Universidad de Sevilla, Spain 

1 Riboux and Gordillo, Physical Review Letters, 113, 024507, (2014)
  2 Shirota et al., Physical Review Letters, 116, 064501, (2016)

303



Spreading dynamics of evaporating droplets on compliant 
substrates 

A. Malachtari, G. Karapetsasa

The dynamics of volatile liquid droplets spreading on soft solid substrates is important 
due to its numerous applications in the rapidly developing fields of biology and 
technology. Biological applications may include the suppression of tissue spreading to 
inhibit the dispersal of cancer cells1, or the control of the dispersion of a medicine in 
the soft tissues of the human body. Evaporating droplets are also encountered in 
applications involving the control of the spreading of the deposited particles over a 
compliant substrate after the evaporation of ink-jetted microdroplets2, or the 
fabrication of materials in micro- and nano- scale, such as the production of 
microlenses most commonly found in flat panel displays, LCD projectors and other 
devices used in the fields of photonics and optoelectronics3. Despite the huge interest, 
most theoretical studies so far refers to spreading dynamics on rigid substrates, while 
the studies concerning soft substrates are limited and do not include complex 
interfacial phenomena, such as evaporation or condensation. In the present study, a 
theoretical model has been developed to fully take into account phase change 
phenomena of a liquid droplet over a viscoelastic solid substrate. Using the framework 
of lubrication theory, we derive evolution equations for both the droplet profile and 
the displacement of the elastic solid which are solved employing the finite element 
method. Crucially the developed model fully considers not only the effect of the gas 
phase composition, but also the potential effect of the Marangoni stresses, which 
might be developed due to local variations in temperature along the interface. In this 
study, the mechanisms affecting the dynamics and stability of these interfacial flows 
are recognized through a thorough parametric study and are going to be further 
discussed, in an effort to develop new methods to control the wetting and dynamics 
of evaporating droplets over compliant surfaces.  

a Dep. Chemical Engineering, Aristotle University of Thessaloniki, Thessaloniki 54124, Greece 
1 Douezan et al., Soft Matter 8, 4578 (2012).
2 Park and Moon, Langmuir 22, 3506 (2006).
3 Pericet-Camara et al., Optics Express 15, 9877 (2007).
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Interplay of spreading and solidification: arrest of the contact line 
in the drop impact and spreading on a cold substrate  

Y. D. Shikhmurzaeva

The impact of a liquid drop onto a cold solid surface followed by the drop spreading 
and solidifying is the core element in a number of additive manufacturing (3D 
printing) technologies where a layer-by-layer deposition and solidification of the 
inkjet-produced microscopic droplets is used to created complex three-dimensional 
structures. The physical phenomenon that plays the key role in the process is the 
arrest of the moving contact line where, as shown by experiments,1 the drop’s 
spreading as if isothermal is abruptly stopped so that the subsequent solidification 
takes place with the drop’s base not expanding anymore. Experiments2 have also 
shown that, contrary to the modelling schemes proposed earlier, the spreading and 
solidification processes occur as independent and the contact line motion is stopped 
as the result of the leading edge of the solidification front catching up with the 
moving contact line. This picture of the phenomenon and the modelling scheme it 
dictates pose a fundamental problem of formulating a unified mathematical model 
which, on the one hand, would allow one to adequately describe dynamic wetting, 
both ‘forced’ and ‘spontaneous’, and, on the other, fully incorporate the solidification 
dynamics and, in particular, have the classical Stefan model for equilibrium 
solidification as its limiting case. The model should have no singularities, neither at the 
contact line nor at the edge of the solidification front and, containing no adjustable 
parameters, should have a predictive power.  

The present work addresses the above problem by incorporating both non-
isothermal dynamic wetting and solidification as particular cases into the general 
framework of the theory of capillary flows with forming and/or disappearing 
interfaces.3 The resulting model is shown to be in agreement with recent experimental 
findings4 that the velocity-dependence of the dynamic contact angle is by no means 
universal as it depends on the type and geometry of the flow. The edge of the 
solidification front is shown to propagate along the solid substrate with the 
solidification front forming a zero contact angle with the latter. Then, unlike the 
classic Stefan problem, the heat flux exhibits no singularity at the edge. The Stefan 
regime of solidification is shown to be the long-time limit of the solidification 
dynamics. Importantly, the model describing the dynamics of the entire solidification 
process, from the onset to the equilibrium (Stefan) regime, predicts that, unlike the 
case of kinetic undercooling, the speed at which the solidification front propagates is 
not a function of temperature at the front. A simple 1D process of solidification is 
used as an illustrative example to demonstrate the main features of the model. 

a
School of Mathematics, University of Birmingham Edgbaston, Birmingham, UK. 

1 De Ruiter et al., Phys. Rev. Fluids 2, 043602 (2017).
2 Kant et al., PNAS 117, 2788 (2020).
3 Shikhmurzaev, Phys. Fluids 33, 072101 (2021).
4 Karim et al., Langmuir 32, 10153 (2016). 
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Weakly nonlinear, history-dependent, dynamics of a chemically active 
particle near the threshold for spontaneous motion 

Ory Schnitzer and Gunnar G. Penga 

We employ weakly nonlinear analysis to study the dynamics of chemically active 
particles near the threshold for spontaneous motion; we first develop our theory 
assuming the canonical model of Michelin et al. [1], of an isotropic particle that
exhibits symmetry-breaking spontaneous motion past a threshold Péclet number, and 
then generalise to account for various perturbations to the particle or its environment.  

Our theory generally furnishes a nonlinear, temporally nonlocal, amplitude equation 
governing the dynamics of the particle’s velocity vector in three dimensions. The 
temporal nonlocality, represented by singular “history” integrals, is a consequence of 
the particle interacting with its own concentration wake on long length and time 
scales. Some perturbation scenarios give rise to a set of coupled amplitude equations, 
e.g., owing to the wake of one particle affecting another distant one. Other scenarios
give rise to amplitude equations coupled to additional evolution equations, e.g., for the
particle’s orientation in the case of a slightly anisotropic particle.

Building on earlier analyses [2-4], our theory relies on matching the vicinity of the 
particle with a remote region where advection and diffusion are comparable (in a 
frame co-moving with the particle). In contrast to those earlier analyses, however, our 
theory is not limited to steady solutions; as a consequence, the leading-order remote-
region problem is unsteady and this introduces the history dependence mentioned 
above. Another novel element in our analysis is the identification of the differential-
operator-valued matrix and auxiliary (boundary, far-field and integral-constraint) 
conditions adjoint to those encountered at linear order [5]; this circumvents the 
apparent need in previous analyses to explicitly solve the inhomogeneous problem at 
quadratic order, thereby tremendously simplifying the analysis of non-trivial 
perturbation scenarios involving three-dimensional particle motion and making it 
possible to treat a wide range of scenarios on a common basis.  

We will illustrate the theory by analysing the steady and unsteady weakly nonlinear 
dynamics of chemically active particles, considering a range of scenarios including 
external force and torque fields, inter-particle and particle-wall interactions, and non-
uniform perturbations to the surface distributions of chemical activity and the diffuso-
osmotic slip coefficient. 

a
Dep. Mathematics, Imperial College London, London SW7 2AZ, UK 

1 S. Michelin et al., Phys. Fluids., 25 061701, 2013
2 A. Y. Rednikov et al., Phys. Fluids, 6 451, 1994
3 M. Morozov and S. Michelin, J. Fluid Mech., 860 711-738, 2019
4 S. Saha, E. Yariv and O. Schnitzer, J. Fluid Mech., 916 A47, 2021
5 O. Schnitzer, submitted (arXiv preprint 2205.06136)
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Impact of a microfluidic jet on a pendant droplet
M.A.Quetzeri-Santiagoa, I. W. Hunterb, D. van der Meerc and

D. Fernandez Rivasa,b

The impact of a solid or liquid object into a deep liquid pool generates a cavity 
with dynamics first described by A.M. Worthington in 19081. Since then, research has 
focused on many topics, including the critical energy necessary for air entrainment 
into the pool, the collapse of the formed cavity, and the subsequent formation of 
Worthington jets2. The projectiles studied in the literature usually have sizes in the 
range of 1 to 5 mm, an impact speed range of 1 to 10 m/s, and the pool is usually 
orders of magnitude larger than the projectile and the created cavity2. In these cases, 
hydrostatic pressure has been found a major driver for the collapse and retraction of 
the cavity made on the liquid pool.  

Few studies have focused on sub-millimetric projectiles, situations where gravity 
can be neglected, or where the cavity dimensions are constrained. Here, we study the 
impact of microfluidic jets on a pendant liquid droplet. The jet is generated by a 
thermocavitation process: from the evaporation of the liquid inside a microfluidic 
channel, a rapidly expanding bubble is formed and creates a jet through a flow 
focusing effect. We predict the critical traversing velocity (i) from a simple energy 
balance and (ii) by comparing the Young-Laplace and dynamic pressures in the cavity 
that is created during impact. We contrast the model predictions against experiments, 
in which we vary the liquid properties of the pendant droplet and find good 
agreement. In addition, we asses how surfactants and viscoelastic effects influence the 
critical impact velocity. 

a
Mesoscale Chemical Systems Group, Faculty of Science and Technology, University of Twente, NL 

b
Department of Mechanical Engineering, Massachusetts Institute of Technology, USA 

c
Physics of Fluids Group, Faculty of Science and Technology, University of Twente, NL 

1 Worthington, Longmans, Green and Company (1908).
2 Truscott, et al.., Annu. Rev. Fluid Mech. 46, 355-378 (2014).

Figure 1: (a) Diagram illustrating the parameters used in this section. The jet impacts the 
pendant droplet with velocity Ujet, creating a cavity with increasing depth in time Hc(t), with 
velocity Uc and whose  radius depends on time and the position R(x,t). (b) Experimental image 
of a liquid jet impacting at Ujet ~ 22 m/s onto a water droplet. 
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Droplet motion induced by superposition of shear flow and 
two-dimensional surface vibration 

Martin Rohdea, Sebastian Burgmanna and Uwe Janoskea 

In many technical applications a droplet movement is a critical phenomenon, 
which can be caused by different mechanisms, such as an incident flow1 or a 
vibration2. In many cases, a superposition of both mechanisms can often be observed. 
However, the effect of an interaction has not been sufficiently investigated.  

Most recently in own investigations the interaction between an incident flow and a 
simultaneously acting one-dimensional vibration excitation (vertically or horizontally) 
has been analysed. Part of current research (which we report here) is the investigation 
of a superposition of incident flow and simultaneously acting two-dimensional 
vibration. Thus, the vertical and horizontal vibration are now acting simultaneously. 
The focus of this work is on the analysis of the critical incident flow velocity required 
for the detachment of a droplet. To be more precise, it is studied how a simultaneous 
two-dimensional vibration affects the critical incident flow velocity. In particular, the 
influence of the phase shift of the two excitation sources with respect to each other is 
investigated. Two scenarios for the orientation of the horizontal vibration are 
considered: Case I: The vibration excitation is in the direction of the incident flow. 
Case II: The vibration excitation is perpendicular to the incident flow. 

The experimental setup, consisting of a plexiglass channel, a high-speed camera 
and two electromagnetic vibration exciter (shaker), allows a defined alignment of the 
vibration excitation relative to the flow channel. Water droplets of different volumes 
(7.8 – 23.4 µl) are exited with different frequencies covering a range between 0.75 and 
4 times the first natural eigenfrequency of the droplet. In addition, the excitation 
acceleration is varied in the range of 5 - 35 m/s2. 

The data obtained indicate that the critical velocity for detaching a sessile droplet 
can be significantly reduced by superimposing an oscillatory excitation only for 
distinct frequencies. A significant decrease of the critical velocity is found for an 
excitation in the range of the first and second eigenfrequency. If the horizontal 
excitation component is aligned in the direction of the incident flow, an additional 
influence of the phase shift can be observed. In contrast, if the excitation takes place 
in the horizontal plane perpendicular to the incident flow, a phase shift of the two 
vibration sources has no influence. 

a
Dep. Fluid Mechanics, BUW, Gaußstr. 20, Wuppertal, NRW, Germany

1 Barwari et al., Experimental Thermal and Fluid Science,109, 109843 (2019).
2 Barwari et al., International Journal of Multiphase Flow, 135, 103537 (2021).

308



The role of friction on the splashing of drops impacting over 
superhydrophobic substrates 

P. García-Geijoa, G. Ribouxa and J. M. Gordilloa

We analyze here the splash transition of drops impacting normally over different types 
of superhydrophobic substrates. Our detailed experimental study reveals that the 
critical velocity for splashing, V*, increases when either the liquid viscosity increases or 
when the amount of air entrapped at the substrate corrugations decreases, these facts 
indicating that larger values of the wall shear stresses contribute to delay the splash 
transition. We also show that the predicted values of V* calculated using the theory 
reported by Gordillo et al.1 and Quintero et al.2 are in good agreement with 
experiments once the value of the friction factor λ appearing in the above mentioned 

theory is expressed as a function of the relative roughness ϵ = ε/R as λ = 1 – ϵ/0.02 

for ϵ ≤ 0.02 and λ = 0 for ϵ > 0.02, with ε and R indicating the amplitude of the 
corrugations and the radius of the drop, respectively (see Figure 1). Since our 
experiments reveal that the amount of air entrapped between the substrate and the 

wall increases with ϵ, our equation for the friction factor indirectly expresses that both 
λ and the critical velocity for splashing decrease with the amount of air entrapped at 
the corrugations. 

a
Área de Mecánica de Fluidos, Departamento de Ingeniería Aeroespacial y Mecánica de Fluidos, 

Universidad de Sevilla, Avenida de los Descubrimientos s/n 41092, Sevilla, Spain. 
1 Gordillo et al., J. Fluid Mech. 866, 298 (2019).

2 Quintero et al., J. Fluid Mech. 870, 175 (2019).

Figure 1: Critical velocity for splashing observed in our experiments and data from other 

contributions compared with the corresponding theoretical values using ϵ0 = 0.02. 
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Regeneration of cavitation nuclei 

A. Bussonnièrea, Q. C. Liub and P. A. Tsaic

Bubbles apparition in soda drink, during boiling or by reducing the pressure, i.e., 
cavitation events, are known to arise from much smaller bubbles, called nuclei, 
trapped by impurities in liquid or defects on the walls1. These nuclei are usually 
assumed to be trapped in defects during the filling of containers or when impurities 
enter in the liquid2. Their sizes and numbers are therefore challenging to control and 
cavitation events remain difficult to predict/control. To further explore the origin of 
such nuclei, we focalized several short acoustic pulses into a suspension of micro-
sized particles, a method known to deplete the nuclei3. The cavitation is monitored 
over the entire experiment by measuring the cavitation probability (Φ). Surprisingly, a 
stable cavitation probability emerges after a few thousand impulsions indicating a 
stable nuclei population, in contradiction with an acoustic depletion. Moreover, the 
cavitation activity of a solution increases with the repetition period (figure 1). This 
indicates that the acoustic depletion is balanced by an unexpected spontaneous nuclei 
regeneration (figure 1). A simple model is developed to get insights into this new 
nuclei-reformation phenomena. 

a
Matière et Système Complexes, Université de Paris, CNRS UMR 7057, 75013 Paris, France

b
Dep. Chemical and Material Engineering, University of Alberta, Edmonton, T6G 1H9, Canada 

c
Dep. Mechanical Engineering, University of Alberta, Edmonton, T6G 1H9, Canada 

1 E. N. Harvey et al., J. Cell Comp. Physiol. 24, 1 (1944).
2 S. Bankoff., AIChE J. 4, 24 (1958).
3 B. M. Borkent et al., Phys. Fluids 21, 102003 (2009)

Figure 1: (left) Cavitation probability (Φ) as a function of the minimum pressure for different 

repetition period (right) Schematic of the cycle experiments by cavitation nuclei during the 
experiment. 
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Evolution of  and deposition from an evaporating sessile droplet

S. K. Wilsona, H.-M. D’Ambrosioa, B. R. Duffya and A. W. Wraya 

The evaporation of  sessile droplets occurs in numerous physical contexts, with 
applications in nature, industry and biology, including nano-fabrication, chemical 
decontamination, and ink-jet printing.  As a consequence of  the wide variety of  
everyday applications, the evolution of  and deposition from an evaporating sessile 
droplet has been subject to extensive investigation in recent years, with particular 
interest in different evaporation modes, the prediction of  lifetimes, and the ring-like 
deposit (the “coffee-ring”) which often forms at the contact line of  a pinned 
evaporating droplet1. In this talk we report on some of  the recent developments in the 
study of  evaporating droplets at the University of  Strathclyde. We first formulate and 
analyse a mathematical model for the evolution and lifetime of  an evaporating droplet 
in a well of  rather general shape and validate the model by comparing the theoretical 
predictions with experimental results for the special case of  cylindrical wells. (This 
part of  the work was done in collaboration with Durham University, and further 
details of  it can be found in the recent paper by D’Ambrosio et al.2.)  We then 
investigate the effect of  the spatial variation in the local evaporative flux on the 
deposition from an evaporating droplet, determining the flow velocity, concentration 
of  solute within the droplet, and the evolution of  the deposit for a one-parameter 
family of  evaporative fluxes. Finally we discuss more recent work exploring the effect 
of gravity on the shape and evolution of evaporating sessile and pendant droplets, and 
the effect of particle adsorption on the deposition from an evaporating sessile droplet. 

Figure 1: Comparison between experimental results (symbols) and theoretical predictions (solid 
lines) for the evolution of  the free surface of  a droplet in a cylindrical well of  radius 75 μm. 

a
Dep. Mathematics and Statistics, University of Strathclyde, Livingstone Tower, 26 Richmond Street, 

Glasgow G1 1XH, United Kingdom 
1 Brutin and Sefiane (eds.), Drying of Complex Fluid Drops: Fundamentals and Applications, Royal 

Society of Chemistry (2022). 
2 D'Ambrosio et al., J. Fluid Mech. 927 A43 (2021)
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Acoustic interrogation of coated microbubbles: Viscoelastic 
properties and the onset of compression only behaviour  

M. Vlachomitroua, A. Lytraa & N. Pelekasisa

In the present study an effort is made to identify the mechanism responsible for the 
compression only behaviour of lipid shelled microbubbles (contrast agents) that has 
been reported in many experiments1. In that state, despite of their strain-softening 
nature which dictates a preferential excursion from equilibrium during expansion, the 
latter shells have been captured to pulsate mainly in the compression phase of their 
radial time series, when subject to acoustic disturbances. The Galerkin Finite Element 
Methodology is employed for the spatial discretization of the flow domain and the 
continuity and Navier-Stokes equations are solved for the liquid. The coating of the 
bubble is assumed to have constant rheological properties and is described as a 
viscoelastic shell with bending resistance while the dilatational and shear viscosity of 
the membrane are treated as different. Numerical simulations in an unbounded flow 
reveal that lipid shells are possible to develop a compression only behaviour (Fig. 3a) 
during which they oscillate around compressed buckled shapes that belong to static 
branches that are energetically favoured2. An initially prestressed shell facilitates the 
onset of buckling at relatively small acoustic disturbances, whereas low values of the 
shear viscosity compared to dilatational viscosity facilitate parametric onset of shape 
modes that characterize these static solutions. The effect of a nearby wall is also 
examined and depending on the sound amplitude as well as the compressed buckled 
shape, the microbubble is seen to, move towards the wall and eventually get trapped, 
move away from the wall for asymmetric buckled shapes and intense compression 
only behaviour, or collapse above a certain amplitude threshold. The streamline flow 
pattern is also examined (Fig. 3b) to investigate the onset of microstreaming. 

a
Dep. Mechanical Engineering, UTH, Leoforos Athinon, Pedion Areos, 38334 Volos, Greece 

1 de Jong et al., Ultrasound in Med. and Biol. 33(4), (2007).
2 Vlachomitrou & Pelekasis, J. Fluid Mech. 822, 717-761 (2017).
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Figure 1: (a) Compression only effect for a lipid shell. (b) Snapshot of the stream-lines in the presence of 
a wall and during the compression only effect.  
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Stabilization of rotating toroidal drops in linear flow 

S. Malika, O. M. Lavrentevaa, A. Nira, and M. Idanb

Viscous drops, subject to a linear flow in an immiscible viscous fluid, deform and, 
under certain conditions, attain stationary shapes. When the outer flow is a 
combination of rotation and axisymmetric extensional or bi-extensional flow, the 
yielded shapes are flat drops, flat drops with dimples, and toroidal drops (see FIG. 1) 
depending on the governing parameters: the ratio of viscosities of the two liquids, the 
capillary number, and the rotational Bond number. For a certain range of the 
governing parameters in extensional flow, two toroidal stationary shapes exist at the 
same flow conditions (see1).  The torus with a higher major radius is stable with 
respect to the axisymmetric disturbances, while the second one is unstable. Any 
perturbation of an unstable shape results in either collapse of the torus to a simply 
connected shape, or unbounded torus expansion. 
We applied classical feedback control methods to stabilize toroidal drops in the linear 
flow. As a control signal, we chose the intensity of the axisymmetric (non-rotational) 
component of the outer flow. The control was designed using a simplified two-state 
dynamic model and tested on the full state dynamic equations of the drop 
deformations. We succeeded to stabilize all the toroidal shapes obtained previously. 
Moreover, the dynamic control scheme enabled the construction of new shapes - 
almost collapsed, highly unstable tori - that could not be previously obtained. The 
Taylor deformation parameter of toroidal drop, D=(Rmax-Zmax)/(Rmax+Zmax), is shown
in figure 2 as a function of the capillary number for various values of the Bond 
number. Circles correspond to the newly computed stabilized stationary shapes 
obtained with the use of feedback control.  

a
Faculty of Chemical Engineering, Technion, Haifa, 32000, Israel

b
Faculty of Aerospace Engineering, Technion, Haifa, 32000, Israel

1 Malik, Lavrenteva and Nir, J. Fluid Mech. 923, 54 (2021).

Figure 1: Schematic of a toroidal drop. 
Figure 2: Taylor deformation parameter of 

stationary toroidal drop. 
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Drop impact on ambient and superheated surfaces: from capillary 
to non-linear inertia dominance 

Pierre Chantelota and Detlef Lohsea,b 

We investigate the dynamics of the gas film that cushions the impact of a liquid drop 
on a solid substrate. The existence of this gas layer is typically revealed by the 
entrainment of a bubble, which is trapped as the gas squeezed under the drop drains 
and liquid-solid contact occurs. However, when impacting on smooth or superheated 
surfaces, the gas film can be sustained, allowing the drop to rebound off the substrate 
(see Figure 1). In such non-wetting situations, Mandre & Brenner1 suggested that 
contact is prevented by capillary or non-linear inertia effects, which become dominant 
as a singularity develops in the so-called neck region, closest to the substrate. Using 
bottom-view high-speed total internal reflection (TIR) interferometry, we measure the 
minimum thickness of the gas film on isothermal substrates and find that capillary 
effects determine the thickness in the experimentally accessible domain. We thus turn 
to superheated conditions to extend the bouncing regime to higher impact velocities, 
and provide the first experimental evidence of the existence of the non-linear inertia 
dominated regime. We rationalise our measurements by assessing the relevance of 
predictions of the impact dynamics that ignore2 or take into account1 gas cushioning, 
and discuss the influence of viscous effects on the time at which the gas cushion is 
thinnest. 

Figure 1: TIR snapshots for the impact of an ethanol drop with radius R = 1 mm and impact 
velocity U = 0.5 m/s on a sapphire substrate heated at 164oC. The liquid appears as a grey ring, 
corresponding to the neck region, where the vapor film reaches its minimal thickness (t = 0.035 
ms). 

a Physics of Fluids Group, Max Planck Centre for Complex Fluid Dynamics, MESA+ Institute and J.M. 
Burgers Centre for Fluid Dynamics, University of Twente, P.O. Box 217, 7500 AE Enschede, The 
Netherlands 
b Max Planck Institute for Dynamics and Self-Organisation, Am Fassberg 17, 37077 Göttingen, Germany 
1 Mandre and Brenner, J. Fluid Mech., 690, 148 (2012).
2 Riboux and Gordillo, Phys. Rev. Lett., 113, 024507 (2014).

315



Bubble coalescence in confined inertial swarms 

J. Ruiz-Rusa,b, V. Roiga, P. Erna and C. Martínez-Bazánc,d

We present an experimental investigation of the coalescence cascade process in a 
confined swarm of deformable bubbles rising in a thin-gap vertical cell filled with 
water at rest. Bubbles of size D0 larger than the gap thickness are injected at the 
bottom of the cell, and for different gas volume fractions, the swarms are explored 
using high-speed visualizations. The time evolution of each bubble in the swarm is 
determined using a specifically developed algorithm, enabling bubble tracking and 
coalescence detection. We measure the evolution of the bubble size distribution along 
the vertical direction, which shows that the stages of the coalescence cascade can be 
characterized by the diameter DV90, representative of the largest bubbles. The collision 
frequency of pairs of bubbles of sizes Dk and Dk', denoted h(Dk, Dk'), and their 

coalescence efficiency, denoted , are then obtained from the experiments. In the 
present case, the efficiency is nearly constant, independently of the bubble sizes and of 
the gas volume fraction. Concerning the collision frequency, our results reveal the 
existence of two different coalescence regimes depending on the capability of the 
bubbles to deform. Models describing h(Dk, Dk') for both regimes are provided, which 
are able to reproduce the experimental results. They consider the specific response of 
the bubble pair, which depends on the reduced diameter Dp=2DkDk'/(Dk + Dk'), to 
the agitation induced by the swarm, governed by DV90 and the gas volume fraction. 

For small values of Dp, coalescence takes place in the first regime, where bubbles 
are brought together by agitation and rapidly coalesce as soon as they collide. In this 
regime, the proposed model, which shows a linear dependence on Dp, has being built 
using the characteristics of the swarm-induced agitation, namely, the velocity of 
agitation at large scale in the swarm and a coalescence interaction surface associated 
with a correlation length screened by successive passages of bubbles across otherwise 
correlated motions.  

For sufficiently large values of Dp, a second regime is observed where both 
bubbles are able to deform, spending most of the time adapting mutually their shapes 
before coalescing. In this regime, h(Dk, Dk') is modelled as the product of a mean 
strain rate exerted by the swarm-induced agitation at the scale of the bubble pair and 
an interaction volume which involves the characteristic agitation length scale DV90. 

This work has been partially supported by the French Agence Nationale de la 
Recherche under reference ANR-19-CE43-0002-02. JRR acknowledges the European 
Union program NextGenerationEU for the financial support provided by the 
Fellowship UJAR06MS. 

a Institut de Mécanique des Fluides de Toulouse, Université de Toulouse - CNRS, France 
b Dept. de Ingeniería Mecánica y Minera, University of Jaén, Spain 
c Dept. de Mecánica de Estructuras e Ingeniería Hidráulica, University of Granada, Spain 
d Andalusian Institute for Earth System Research, University of Granada, Spain 
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Near-wall dynamics of a rising bubble in still liquid at high Bond 
number 

C. Estepa-Canteroa, R. Bolaños-Jiménezb, F.J. Foronda-Trillob and C.
Martínez-Bazána,c 

We present an experimental and numerical investigation about the effect of the 
presence of a vertical surface on the rising of a bubble in a still liquid. The problem is 
characterized by three dimensionless numbers, namely Ga=ρg1/2 D3/2/μ, Bo=ρgD2/σ, 
and the dimensionless distance between the bubble and the wall, L*=L/D, with ρ and 
μ the liquid density and viscosity, respectively, σ the surface tension, g the gravity 
acceleration, and D the equivalent bubble diameter. In particular, we focus on three 
regimes at high Bo that exhibit different ascending trajectories: rectilinear, spiral and 
planar zig-zag1. Experiments were performed by injecting air in a glass tank 120 cm 
high. Injectors with different size and distinct liquids were employed to vary Bo and 
Ga. A mobile wall, placed inside the tank, let us precisely control L*. Two 
synchronized high-speed cameras placed at 90º were moved vertically by a linear 
motor to register the bubble motion during its rising. By processing the images with 
an in-house MATLAB code, the main bubbles’ characteristics were obtained, such as 
their contour, deformation, trajectory, or velocity, as shown in Fig. 1. Moreover, 
unsteady, three-dimensional, incompressible, two-phase flow simulations were 
performed using Basilisk (http://basilisk.fr/). The presence of the wall makes the 
bubble move away from it, an effect that becomes more prominent as L* decreases. In 
addition, the forces acting on the bubbles were obtained, being associated to the 
bubbles’ dynamics and the topology of the bubbles’ wakes. 

a
Andalusian Institute for Earth System Research, Universidad de Granada, Granada, Spain

b
Andalusian Institute for Earth System Research, Universidad de Jaén, Jaén, Spain 

c
Dept. of Structural Mechanics and Hydraulic Engineering, Universidad de Granada, Granada, Spain 

1 Cano-Lozano et al. Dabbs and Hobbes, Phys. Rev. Fluids, 1(5), 053604 (2016).

Figure 1: Dimensionless experimental rising trajectories together with the contours for a 
bubble that exhibits a rectilinear rising trajectory (Bo=4.5, Ga=54.8). The insets show real 
images at different instants. (a) L*=1, (b) L*=2, and (c) L*=4. Distances are made 
dimensionless with the bubble equivalent diameter, D. 
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Stability and performance modes of Confined Selective Withdrawal 

M. Lópeza, M. G. Cabezasa, D. Dimitrovaa, J. M. Montaneroa, M. A.
Herradab 

The production of drops, capsules, and emulsions is essential for numerous 
applications in different fields. Several flow-focusing devices have been proposed to 
produce monodisperse droplets smaller than the characteristic orifice of the device1. 
In confined selective withdrawal2, an extraction capillary is located in front of a needle 
of a similar diameter. The dispersed phase injected through the needle forms a 
meniscus at its tip, while the outer liquid stream focuses the interface dragging it 
through the capillary. Monodisperse collections of drops are obtained when the 
meniscus is stable. The meniscus tip can directly emit the drops (microdripping) or 
can emit a jet that breaks into drops downstream (jetting). The performance modes of 
this configuration have been studied experimentally depending on the geometrical and 
flow conditions for low and moderate capillary numbers. Reducing the distance 
between the needle and the extraction capillary stabilizes the meniscus for low 
Capillary numbers. Though the inner flow rate can be significantly reduced, the effect 
on the droplet size is less significant. We numerically studied the stability of steady 
jetting via tip streaming. The global stability analysis3 successfully estimates the 
minimum flow rate for stable steady jetting. The system becomes unstable due to the 
growth of an oscillatory perturbation at the meniscus tip, which explains why the 
meniscus oscillates in the experiments. When jetting is unstable, it cannot predict 
whether the system would produce microdripping or an unstable meniscus. 

a
Dep. de Ingeniería Mecánica, Energética y de los Materiales and Instituto de Computación 

Científica Avanzada (ICCAEx), Universidad de Extremadura, Badajoz, Spain.
b

Dep. de Ingeniería Aeroespacial y Mecánica de Fluidos, Universidad de Sevilla, Sevilla, Spain. 
1 Montanero and Gañán-Calvo, Rep. Prog. Phys. 83, 09700 (2020).
2 Evangelio et al. J. Fluid Mech. 804, 550 (2016).
3 Theofilis, Annu. Rev. Fluid Mech. 43, 319 (2011).

Figure 1: (a) Experimental images and interface and streamlines of the numerical base flow. 

(b) Minimum flow rate for steady jetting obtained experimentally and numerically.
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On the stretching separation in drop-drop and drop-jet collisions 

D. Baumgartnera, G. Brenna and C. Planchettea

We experimentally study the fragmentation limit of (a) a drop colliding off-center with 
another similar drop, and (b) a jet, made of one liquid, and impacted by a stream of 
drops of another immiscible liquid, see figure 1. The fragmentation mechanism is 
found to be similar in both cases and can be attributed to an excessive stretching of 
the merged drops or of the impacted jet1. Above a fixed critical value of the 
normalized drop (or jet) extension, corresponding to 3.25 (or 3.00), separation occurs.  
We then model the drop extension by accounting for a purely geometric term, which 
is only a function of the collision eccentricity, and for an inertial contribution, which is 
deduced from an energy balance estimating the losses from the numerical results of 
Finotello et al.2. This inertial contribution is found to scale linearly with the collision 
eccentricity and the drop Weber number, while a scaling with the drop Ohnesorge 
number to the power of -0.13 satisfactorily accounts for the losses, in agreement with 
the findings of Finotello et al.2. Combining this with the simple fragmentation 
criterion based on a critical drop extension, we obtain a model that predicts the onset 
of stretching separation for drop Ohnesorge numbers ranging from 0.008 to 0.325, 
and this, without adjusting any parameter.  
We further show that the evolution of the jet extension can be deduced from the one 
found for a drop by considering the drop-jet collisions as a succession of off-center 
drop-drop collisions. Here again, the modelled jet extension can be combined with the 
fragmentation criterion based on a critical value of this extension and provides a very 
good prediction of the jet fragmentation threshold for a wide range of drop Weber 
numbers (from 40 to 160) and jet Ohnesorge numbers (from 0.021 to 0.246), without 
adjusting any parameter.  

 Figure 1: (a) Drop-drop collisions observed slightly below (top) and above (bottom) the 
threshold of stretching separation. (b) Drop-Jet collisions giving rise either to a continuous jet 
(top) or to a stream of capsules (bottom). The drops are coloured and appear dark to 
distinguish them from the uncoloured jet, which remains transparent. 

a
Institute of Fluid Mechanics and Heat Transfer, Graz University of Technology, Austria 

1 Baumgartner et al. J. Fluid Mech. 937, R1 (2022).
2 Finotello et al., Phys. of Fluids,29 (6), 067102, (2017) 
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Thin film mediated deformation of droplet during cryopreservation 

Jochem G. Meijera, Duco van Buurena, Pallav Kanta and Detlef Lohsea,b

The interaction between particles with an advancing solidification front is of great 
importance in nature and industry. Corresponding examples include freezing of soils in 
colder regions (frost heaving), food engineering, cryo-biology, fabrication of functional 
ceramic mateirals, etc. Although theoretical models are available in literature, 
experimental evidence is lacking and comes mostly from metallurigical research. In the 
present work, we experimentally study the interaction of silicone oil drops with an 
advancing solidification front. The focus lies on the squeezing of the droplet as it gets 
engulfed (see Fig. 1(a)). We find that a drop sustains significantly larger deformation 
while getting encapsulated slowy (see Fig. 1(b)). The shapes of the deformed drops can 
nicely be described by a model present in literature1 (see Fig. 1(c)). Finally, we present a 
simplified theoretical model to quantitatively explain the nature of these deformations.  

a Physics of Fluids group, Max Planck Center Twente for Complex Fluid Dynamics, University of 
Twente, 7500 AE Enschede, The Netherlands 
b Max Planck Institute for Dynamcis and Self-Orginazation, Am Faßberg 17, 37077 Göttingen, Germany 
1 Roman et al., arXiv, 2006.02742 (2020)

Figure 1: (a) Snapshots capturing the engulfment of an oil drop by an advancing solidification 

front with velocity V = 0.2 m s-1. (b) Aspect ratio of the deformend drop in the solidified bulk 
as a function of the advancing velocity. (c) Aspect ratio as predcited by the model1 as a function 
of energy E. The insets show two corresponding experimental snapshots including the shapes 
the model predicts (red lines). 
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Modelling laser-induced cavitation bubbles in the treatment of 
kidney stones

S. R. Abrahamsa, J. G. Williamsb, A. Rayb, B. W. Turneyc, R. O. 
Clevelandd, D. E. Moultona and S. L. Watersa  

We present models of a vapour bubble produced during ureteroscopy and laser lithotripsy, 
a common treatment for kidney stones that involves passing a flexible ureteroscope 
containing a laser fibre via the ureter and bladder into the kidney, where the fibre is 
placed in contact with the stone. Laser pulses are fired to fragment the stone into 
pieces small enough to pass through an outflow channel. Laser energy is also 
transferred to the surrounding fluid, resulting in vapourisation and the production of a 
cavitation bubble. While in some cases, bubbles have undesirable effects – for 
example, causing retropulsion of the kidney stone – it is possible to exploit bubbles to 
make stone fragmentation more efficient.  
 This multi-physics system involves plasma formation, bubble nucleation, phase-
change dynamics, heat transfer, multi-phase flow, and fluid-structure interaction; we 
simplify this by considering the expansion and collapse of an existing micro-bubble in 
an unbounded region of liquid, exploiting the natural symmetry for further reductions. 
For a spherical bubble, we couple the classic Rayleigh-Plesset equation to an energy
conservation equation at the vapour-liquid boundary, and an advection-diffusion 
equation for the surrounding liquid temperature.1 We combine this commonly-used 
approach with a novel treatment of the laser, modelling it not only as the cause of 
nucleation, but as a spatiotemporal source of heat energy in the fluid during the 
expansion and collapse of the bubble. Numerical and analytical methods are employed 
alongside experimental work to understand the fluid dynamics and predict the effect 
of laser power, pulse duration and pulse pattern on the size, shape and duration of 
bubble produced.  

a
Mathematical Institute, University of Oxford, OX2 6GG, UK

b
Boston Scientific, Marlborough, MA 01752-1234, USA

c
Nuffield Department of Surgical Sciences, University of Oxford, OX3 9DU, UK

d
Institute of Biomedical Engineering, University of Oxford, OX3 7DQ, UK

 

1 Plesset and Prosperetti, Annual Review of Fluid Mechanics 9, 145 (1977).
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Architecture of a self-fragmenting droplets cascade: When 
Richardson meets Langevin 

G. Verhillea, C. Inoueb and E. Villermauxa,c

A traditional hand-held firework generates light streaks similar to branched pine 
needles, with ever smaller ramifications (Fig. 1). These streaks are the trajectories of 
incandescent reactive liquid droplets bursting from a melted powder. We have 
uncovered the detailed sequence of events, which involve a chemical reaction with the 
oxygen of air, thermal decomposition of metastable compounds in the melt, gas bubble 
nucleation and bursting, liquid ligaments and droplets formation, all occurring in a 
sequential fashion1. This is a rare evidenced in nature of a spontaneous fragmentation 
process involving a direct cascade from big to smaller droplets.  
The self-sustained direct cascade proceeds over up to eight generations, with well-
defined time and length scales. The 3D space-time resolved trajectories of the 
fragmenting drops reveal an arborescent structure of branchings defining the cascade 
steps, each random in direction and shortening along the cascade, in a way we 
determine. The phenomenon is a unique and prototypical illustration of the so-called 
Richardson regime, namely, an accelerated cascade towards smaller scales. The 
phenomenon, which coincides with the early time dispersion period of a Brownian 
motion, featuring here ever shrinking steps, is well captured by a Langevin dynamics2, 
thus answering a century old question, and enriching, with this new example, the 
phenomenology of comminution. 

a
Aix Marseille Université, CNRS, and Centrale Marseille, IRPHE Marseille, Marseille, France 

b
Kyushu University, Department of Aeronautics and Astronautics, Fukuoka, Japan  

c
Institut Universitaire de France, Paris, France

1 Inoue et al., Phys. Rev. Letters. 118, 074502 (2017)
2 Verhille et al., Phys. Rev. E 104, L053101 (2021)

Figure 1: Traces of the incandescent droplets paths illustrating the sustained cascading 

fragmentation process in a traditional firework. 
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An asymptotic analysis of nascent coffee-ring formation for a 
droplet of arbitrary contact set 

M.R.Moore1,b, D. Vella2 and J. M. Oliver b

We consider the effect of droplet geometry on the early-stages of coffee-ring 
formation during the evaporation of a thin droplet with an arbitrary simple, smooth, 
pinned contact line. We perform a systematic matched asymptotic analysis of the 
small-capillary number, large-solutal Péclet number limit for two different evaporative 
models: a kinetic model, in which the evaporative flux is effectively constant across 
the droplet, and a diffusive model, in which the flux is singular at the contact line.  

For both evaporative models, solute is transported to the contact line by a capillary 
flow in the bulk of the droplet. However, local to the contact line, solute diffusion 
counters advection, with the resulting interplay leading to the formation of the nascent 
coffee-ring profile1. By exploiting a coordinate system embedded in the contact line, 
we are able to solve the local problem explicitly, deriving a similarity profile (in the 
form of a gamma distribution) that describes the shape of the deposit. Notably, for an 
arbitrary contact line geometry, the ring characteristics change due to concomitant 
asymmetry in each of the droplet free surface shape, the evaporative flux (in the 
diffusive evaporative regime) and the mass flux into the contact line2. 

1
Department of Physics & Mathematics, University of Hull, Cottingham Road, Hull, East Yorkshire, 

HU6 7RX, UK
2

Mathematical Institute, University of Oxford, Woodstock Road, Oxford, OX2 6GG, UK
1 Moore et al, J. Fluid Mech. 920 (2021). 
2 Moore et al., arXiv preprint arXiv:2111.04854 (2022) 
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Non-Newtonian Droplet rebound suppression on 
Superhydrophobic surfaces 

K Kamaluddina, G Pala, P Dharb, CS Sharmaa and D Samantaa

Droplets usually rebound off upon impact on superhydrophobic (SH) surfaces. Minute 
addition of polymers to the Newtonian fluid drops cause rebound suppression on SH 
surfaces [1]. Various reasons like extensional viscosity [1], normal stress [2] and stretching 
of polymer chains near receding contact line [3] during retraction are attributed to the 
slowing down of non-Newtonian droplets during retraction and eventual drop rebound 
suppression. We have shown that impact velocity and polymer concentrations are 
critical parameters to cause rebound suppression [4]. For a fixed polymer concentration, 
impact velocity has a critical threshold above which the droplet exhibits rebound 
suppression. Similarly for a fixed impact velocity, there is a lower threshold of polymer 
concentration to cause the rebound inhibition. Based on the shear rate calculated during 
onset of retraction, we showed that the critical Weissenberg number should exceed 1 for 
elastic effects to become important to cause rebound suppression. Further, we showed 
the variation of these parameters on different types of textured SH surfaces. For a fixed 
polymer concentration, we have attempted to find an upper limit of impact velocity 
beyond which the droplet would fragment. However, even at very high impact velocities 
~4m/sec, the non-Newtonian droplets resisted deformation and didn’t rebound off.   

a Dep. Mechanical Engineering, IIT Ropar, Punjab , India 140001 
b Dep. Mechanical Engineering, IIT Kharagpur, West Bengal, India, 721302
1 V. Bergeron, D. Bonn, J. Y. Martin, and L. Vovelle, Controlling droplet deposition with polymer 

additives, Nature (London) 405, 772 (2000) 
2 D. Bartolo, A. Boudaoud, G. Narcy, and D. Bonn, Dynamics of Non-Newtonian Droplets, Phys. 

Rev.Lett. 99, 174502 (2007). 
3 M. I. Smith and V. Bertola, Effect of Polymer Additives on the Wetting of Impacting Droplets, Phys. 

Rev.Lett. 104, 154502, (2010). 
4 P. Dhar, S.R. Mishra and D. Samanta, Onset of rebound suppression in non-Newtonian droplets 

post-impact on superhydrophobic surfaces, Phys. Rev. Fluids, 2019, 4, 103303 
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Role of vortical interaction on evaporation and crystallization 
dynamics of respiratory droplets 

Shubham Sharmaa, Siddhant Jaina, Abhishek Sahab, and Saptarshi Basua 

After ejection, respiratory droplets continuously interact with vortices of different 
strengths and sizes present in the ejected puff or ambient environment. We unearth 
the influence of such interaction on evaporation and crystallization dynamics of 
respiratory droplets using experimental measurements (Shadowgraphy imaging, 
Particle Image velocimetry (PIV), and Backlight imaging). Periodic vortex rings of 
different strengths (Re′=0, 53, 221, 297) are made to interact with an acoustically 
levitated droplet, and the influence of such interaction on evaporation and 
crystallization dynamics is investigated1,2. The results show the dependence of 
evaporation characteristics on vortex strength, while the crystallization dynamics was 
found to be independent of it. A reduction of 12.23% and 14.6% in evaporation time 
was seen in the case of de-ionized (DI) water and 1% wt NaCl solution respectively in 
the presence of vortex ring train at Re′ = 221. Here Re′ is the vortex translation speed 
based on Reynolds number. In contrast to this, a minimal reduction in evaporation 
time (0.6% and 0.9% for DI water and 1% wt NaCl solution, respectively) is observed 
when Re′ is increased from 221 to 297. The mechanisms for evaporation time 
reduction due to the enhancement of convective heat and mass transfer from the 
droplet and shearing away of vapor layer by vortex ring interaction are discussed in 
this work. The insights from the present work can be utilized in understanding the 
disease transmission through expiatory jets, where ejected droplets continuously 
interact with vortical structures present in the local environment. 

a
Department Mechanical Engineering, Indian Institute of Science, Bangalore, Karnataka, India, 

560012.
b

Department of Mechanical and Aerospace Engineering, University of California San Diego, La 

Jolla, California 92093, USA 

1 Sharma et al., J. Fluid Mech. 918 (2021).
2 Basu et al., Phys. Fluids 32(12), 123317 (2020)
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Figure 1: (a) Schematic of vortex droplet interaction. (b, c) Raw and processed PIV image of 

interaction, respectively. 
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Predicting nucleation in real fluids 

M. Gallo1, F. Magalletti2, C.M. Casciola1

Cavitation is a ubiquitous phenomenon whose prediction proved a formidable task, 
particularly for the case of water. Here a self-contained model is discussed which is 
shown able to accurately reproduce cavitation data for bulk water over the most 
extended range of temperatures for which accurate experiments are available — left 
panel in fig. 1. The computations are based on a diffuse interface model which, as only 
inputs, requires a reliable equation of state for bulk free energy and interfacial tension 
of the water-vapor system combined with rare event techniques borrowed from 
statistical mechanics. By consistently including thermal fluctuations in the spirit of 
Fluctuating Hydrodynamics, the approach is extended to dynamic conditions in 
presence of solid walls of different wettability — right panel in fig. 1 — to allow 
coupling with macroscopic fluid motion. The talk will focus on the wall wettability in 
compliance with the fluctuation-dissipation balance, a crucial point in the context of the 
fluctuating hydrodynamics theory. Depending on time availability, new, still 
unpublished results concerning the coupling of nucleation and macroscopic flow, the 
effect of micro-confinement, and time-changing thermodynamic conditions will also be 
addressed. 

1 F. Magaletti, M. Gallo, C.M. Casciola, Scientific Reports 11 1, 2021. 
2 M. Gallo, F. Magaletti, C.M. Casciola, Journal of Fluid Mechanics 906 10, 2021. 
3 M. Gallo, F. Magaletti, D. Cocco, C.M. Casciola, Journal of Fluid Mechanics 883, 2020. 
3 M. Gallo, F. Magaletti, C.M. Casciola, Phys. Rev. Fluids. 3, 053604, 2018. 
.  

. 

Figure 1: (left) Cavitation pressure as a function of temperature in bulk water (experiments vs 
simulations). (b) Dynamic bubble nucleation at a solid wall.  

1 Dep. Mechanical and Aerospace Engineering, Sapienza University of Rome.  
2 Advanced Eng. Centre, School of Computing Engineering and Mathematics, Univ. of Brighton. 

327



Water droplet impact on thin oil film and bubble entrapment: 
Three phases simulation

P. A. Maesa, A. Amirfazlib and C. Josseranda 

Bubble entrapment is seen  when a drop impacts onto a dry surface or one that is 
covered by a thin liquid film. The bubble is formed due to an air layer trapped 
between the drop and the surface during the impact process1, 2. However, to date it is 
not clear how presence of a liquid film may change the process of bubble entrapment. 
Numerical simulations (an adaptation of the Volume of Fluid method for two fluids in 
the Basilisk software3) is used to investigate the bubble entrapment dynamics when the
drop impacts a thin immiscible film. We characterise the entrapped bubble by varying 
the impact parameters and liquid properties, starting by the oil viscosity. The effect of 
the thin liquid film on the bubble entrapment, is discussed by comparing it with the 
impact on a solid substrate or on the same a miscible liquid thin film. 

a
Dep. Mechanics, Ecole Polytechnique, Palaiseau, France

b
Dep. Mechanical Engineering, York University, Toronto, Canada 

1 S.T Thoroddsen et al, J. Fluid Mech. 545(-1), 203 (2005).
2 C. Josserand and S.T Thoroddsen., Annual Review of Fluid Mech, 48(1), 365-391 (2016).
3 S. Popinet, J.Computational Physics, 228(16), 5838–5866, (2009).

Figure 1: Water droplet (red) impacts a thin oil film (yellow), a small gas bubble (blue) is 

trapped. 
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Mass transfer around a double emulsion droplet 

M. Favelukisa

The transfer of mass around a spherical double emulsion droplet in a creeping flow 
and at large Peclet numbers is theoretically discussed.1,2 Two types of axisymmetric 
motions are examined: extensional flow and uniform flow. The double emulsion droplet 
submerged in an external fluid (fluid 1) is made from an internal spherical drop (fluid 
3) engulfed by a spherical fluid shell (fluid 2). The physical problem is governed by four

dimensionless numbers: two viscosity ratios, shell over external fluid (21) and internal

drop over shell (32); the radii ratio, inner over outer (); and the Peclet number (Pe).
The solution to the problem was obtained by applying the useful equations of Lochiel 
and Calderbank3 for axisymmetric bodies of revolution, with the only requirements 
being the shape of the drop, and the tangential surface velocity (fast interfaces) or the 
tangential surface velocity gradient (slow interfaces). For a double emulsion droplet with 
a fast-external mobile interface, the external mass transfer is proportional to Pe1/2, it

increases as 21 or  decrease, and for a very small internal drop ( → 0) it behaves like 
a single drop. In a double emulsion droplet with a slow-external mobile interface, the 

external mass transfer is proportional to Pe1/3, it increases as 21 or  increase, and for

a very thin shell ( → 1) it mimics a single solid particle. The influence of the other 

viscosity ratio (32) on the external mass transfer is, at first approximation, negligible. 

a Dept. of Chemical Engineering, Shenkar - College of Engineering and Design, Ramat-Gan, Israel. 
1 Favelukis, Can. J. Chem. Eng. 99, S800 (2021).
2 Favelukis, Eur. J. Mech./B Fluids 89, 501 (2021).
3 Lochiel and Calderbank, Chem. Eng. Sci. 19, 471 (1964).

Figure 1: Streamlines of a double emulsion droplet with viscosity ratios of 21 = 1 and 32 = 1, 

at different radii ratios . Left: extensional flow; Right: uniform flow. 
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Viscous dissipation dictates the maximum spreading of an 
impacting droplet 

Uddalok Sena, Vatsal Sanjaya, and Detlef Lohsea,b 

Droplet impact is a ubiquitous phenomenon, observed in a diverse range of 
applications such as pesticide treatment and inkjet printing. Of particular importance 
in such applications is the maximum spreading diameter of the impacting droplet. It is 
thus crucial to know how the maximum spreading diameter depends on the impact 
parameters, i.e., the wettability of the substrate, the properties of the liquid, and the 
impact velocity of the droplet. In the present work, we show, through bespoke 
experiments and numerical simulations, that the maximum spreading diameter is 
dictated by the viscous dissipation within the droplet. We demonstrate that for low 

Ohnesorge number (Oh = /(D0)1/2,  being the viscosity,  the surface tension

coefficient,  the density, and D0 the droplet diameter), the normalized maximum

spreading diameter (max = Dmax/D0, Dmax being the maximum spreading diameter) is

a function of the impact Weber number (We = U0
2 D0/, U0 being the impact

velocity), shown in Fig. 1a. However, at high Oh, max is, at best, weakly dependent on
We (Fig. 1a). This is because at high Oh, almost the entire initial kinetic energy (Ek,0) of
the droplet is lost in viscous dissipation (Ed), while there is still some energy left after
viscous dissipation for low Oh (Fig. 1b). Our findings are crucial for unravelling the
physical factors that determine the maximum spreading diameter of an impacting 
Newtonian droplet, and present new understanding in the underlying physics of a 
much-studied phenomenon.  

Figure 1: (a) Variation of max vs. Oh for different We from both experiments (Exp)
and numerics (Num); (b) variation of Ed /Ek,0 vs. Oh for different We; insets indicate
experimental and numerical snapshots at maximum spreading (scale bar = 1 mm).  

a
Physics of Fluids Group, Max Planck Center for Complex Fluid Dynamics, Department of Science 

and Technology, MESA+ Institute for Nanotechnology, and J. M. Burgers Centre for Fluid Dynamics, 
University of Twente, P. O. Box 217, 7500 AE Enschede, The Netherlands 

b Max Planck Institute for Dynamics and Self-Organization, Am Fassberg 17, 37077 Göttingen, 
Germany 

331



  When and how elasticity affects interfacial flows 

Ambre Bouillanta, Pim J. Dekkera, Michiel A. Hacka, 
Walter Tewesa, Charu Datta, Jacco H. Snoeijera 

The breakup and merging of drops are elementary topological transitions in interfacial 
flows. We discuss how elasticity affects some capillary-driven free surface flows. This 
question is of importance in many applications involving merging of polymeric drops 
such as in coating sprays, inkjet printing and more generally, to predict how drops of 
biofluids (like saliva) behave. 

Figure 1: Pinching and merging of viscoelastic polymer solutions. (a) Pinch-off of a 2.0 wt% 

PEO drop gives rise to elongated threads. Coalescence of (b) pure water drops, and (c) 2.0 
wt% PEO drops. Polymer stretching inside the bridge markedly enhances the curvature of the 
connecting bridge. Scale bars indicate 500 µm. 

We investigate the pinching and merging of dilute solutions of poly-ethylene oxide 
(PEO). It is found that the breakup of a polymeric drop is markedly changed when 
even minute amounts of polymer are added to the fluid. With the strong elongation of 
the polymers during the process, long threads connecting the two droplets appear 
prior to their eventual pinch-off. The effect is yet more subtle in the case of drop 
coalescence. Diverging interface curvature at the point of coalescence implies elastic 
singularity. Intriguingly, while the polymers dictate the spatial features of coalescence, 
they hardly affect the temporal evolution of the connecting bridge. These results are 
explained using a novel viscoelastic similarity analysis. Finally, we extend our findings 
to sister singular geometries. 

a Physics of Fluids Group, Mesa+ Institute, University of Twente, 7500 AE Enschede, The 
Netherlands 
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When does a viscous drop stop bouncing? 

Vatsal Sanjaya, Pierre Chantelota, and Detlef Lohsea,b 

Processes involving liquid drop impact on solid substrates abound in nature. For 
example, water drops bounce-off repellent surfaces, such as lotus leaves. Upon 
impact, the liquid drop first spreads and then recoils, after reaching its maximal extent, 
through a Taylor-Culick type retraction. These stages involve a transfer from kinetic 
to surface energy and back. Yet, some of the initial kinetic energy is lost throughout 
the process because of viscous dissipation. If some kinetic energy is left at the end of 
retraction, the drop can bounce-off the substrate (Fig. 1a). Thus, viscous dissipation in 
the drop reduces the take-off velocity and can prevent bouncing (Fig. 1b).  

In this work, we investigate the bouncing to non-bouncing transition. We find that 
gravity can inhibit drop rebound by increasing the critical velocity required for 
bouncing. We delineate this transition in the Bond (Bo: gravity vs. surface tension) - 
Ohnesorge (Oh: viscosity vs. surface tension) numbers regime map. We demystify the 
role of both viscous dissipation and gravity by pursuing an analogy with the 
coalescence-induced jumping of droplets. This analogy gives the critical condition 
(Fig. 1c) for non-bouncing as  

Boc + Ohc > 1. 

Figure 1: (a) bouncing drop; (b) non-bouncing drop at t/ = (i) 0.0 (ii) 0.1 (iii) 0.5 (iv) 

1.0 (v) 1.3, and (vi) 2.75, where  is the inertio-capillary timescale. (c) Bond (Bo) -
Ohnesorge (Oh) regime map showing the bouncing and non-bouncing regimes at a 
fixed Weber number (We: inertia vs. surface tension). 

a
Physics of Fluids Group, Max Planck Center for Complex Fluid Dynamics, Department of Science and 

Technology, MESA+ Institute for Nanotechnology, and J. M. Burgers Centre for Fluid Dynamics, 
University of Twente, P. O. Box 217, 7500 AE Enschede, The Netherlands 
b Max Planck Institute for Dynamics and Self-Organization, Am Fassberg 17, 37077 Göttingen, Germany 
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Saudi Aramco: Public 

Dynamics of ejecta sheets from drop impacts on a pool 

A. B. Aljedaania,b, Y. S. Tiana,c, T. Alghamdia,d and S. T. Thoroddsena 

Drops impacting on a pool surface will generate a thin ejecta sheet emerging from the neck connecting 

the two liquid masses. This ejecta sheet emerges horizontally at a velocity an order of 
magnitude larger than the impact velocity. We use high-speed video imaging to study the 
subsequent evolution and breakup of these sheets. Our focus is on a new parameter regime, 

where the impact velocity of the drop is ~ 20 m/s, which is accomplished in a 25-m-tall 
vacuum tube. We explain how convoluted shapes are generated by the interplay between 
inertia, air-resistance, viscous stress and surface tension. In particular we identify the key role 
of Bernoulli pressure and confined toroidal shapes when the sheet approaches the pool or 
drop surfaces. We also estimate the evolution of the sheet thickness, showing it reaching sub-
micron dimensions. 
    The ejecta evolution depends strongly on the initial angle of ejection, which causes the jet to 
bend down towards the pool, or upwards towards the drop. We find this bending is 
determined by the viscosity ratio of the pool to drop liquids, β = µp/µd. For equal viscosities 
the ejecta tip bends towards the pool, as shown in Fig. 1(a). On the other hand, if the pool 
liquid is less viscous (β< 1) the ejecta in general tends to bend up, as is shown in Fig. 1(b). 
Figure 1(c,d) show the subsequent bending and breakup of the ejecta sheet. We also model the 
dynamics of the elbow, as the Bernoulli suction pressure pulls it down to hit the pool surface, 
Fig. 1(e). We estimate the thickness of the liquid sheets to become less than one micron. This 
occurs primarily from the azimuthal stretching as the sheet moves away from the axis of 
symmetry. 

a
Physical Science and Engineering, King Abdullah University of Science and Technology (KAUST), 

Thuwal, Saudi Arabia 
b

The Exploration and Petroleum Engineering Center - Advanced Research Center (EXPEC ARC), 

Saudi Aramco, Saudi Arabia 
c

Key Laboratory of Road Construction Technology and Equipment of Ministry of Education, 

      School of Construction Machinery, Chang’an University, Xi’an 710064, China
d

Umm Al-Qura University, Makkah, Saudi Arabia 

Figure 1:  The bending and breakup of ejecta sheets. (a) Sheet bends downwards forming an elbow, 
which touches the pool surface. (b) Ejecta bends upwards towards the drop surface, for β= 0.14. (c) 
Convoluted bending and detachment of the sheet after touching the pool, for Re = 1410, We = 32030, 
Pamb = 0.80 bar. Times show at t = 25, 47, 61, 69 & 89 µs from first contact. (d) Sheet 
bends towards the drop surface almost enclosing an air-torus, producing a repeated pull-in of folds near 
the tip, followed by breakup of the sheet, for Re = 1870, We = 58830, Pamb = 0.39 bar.  Times show at t 
= 9, 15, 20, 29, 37 & 50 µs from first contact. (e) Setup sketch for the modeling of the elbow dynamics, 
where blue is liquid and red the dashed curve is the pool surface. 
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Numerical simulations of a swarm rising in a turbulent flow

G. Ramirez1,2, A. Burlota, F. Rissob, G. Boisa and R. Zamanskyb

 Interaction between a bubble swarm and a turbulent background still lack 
comprehensive understanding. On the one hand, large Reynolds number single-phase 
turbulence is generated at large scales and dissipated at small scales, the two being 
clearly separated. An intermediate range with no production nor dissipation defines 
the so-called inertial sub-range. Single-phase turbulence exhibits Gaussian velocity 
probability density function (PDF). On the other hand, bubble induced agitation 
(BIA) shows a production range about the bubble scales where dissipation also plays a 
major role. An overlap is thus observed between the production and dissipation 
scales. Velocity PDF for BIA departs from the Gaussian distribution. 
 While previous works1,2 consider situations where single-phase turbulence and BIA 
barely overlap in the spectral domain, we focus on the case where the bubble diameter 
lies in the inertial sub-range. We use direct numerical simulations (DNS) coupling a 
stationary forced homogeneous isotropic turbulence (HIT) at a Taylor Reynolds 
number Reλ = 220, with bubble swarms at different void fractions α, different bubble 

diameters db with a bubble Reynolds number 400 ≤ Reb ≤ 700. Velocity PDFs and 
spectral energy budgets are further discussed to shed light on the transfer mechanisms 
between bubble induced agitation and single-phase turbulence. 

1
Université Paris-Saclay, CEA, Service de Thermo-hydraulique et de Mécanique des Fluides, 

91191, Gif-sur-Yvette, France.
2

Institut de Mécanique des Fluides de Toulouse (IMFT), CNRS, Université de Toulouse, France
1 Alméras et al., J. Fluid Mech 825, 1091 (2017) 
2 Pandey et al., J. Fluid Mech 932, A19 (2022) 
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The role of wetting ridge size on drop dynamics in Slippery Liquid 
Infused Porous Surfaces (SLIPS) 

H Abdolnezhad a, C Semprebon a 

A comprehensive understanding of droplet dynamics is important for the design of 
surfaces for manipulating droplets in microfluidic platforms. Nature has provided many 
examples of beneficial properties developed by plants which can serve as inspiration for 
developing smart coatings. Slippery liquid-infused porous surfaces (SLIPS), inspired by 
the slippery properties of the Nepenthes pitcher plant, have been introduced to increase 
the mobility of liquids by minimizing the liquid–solid contact. SLIPS are composed of 
lubricating liquid film that is impregnated with micro-nano-porous matrix. The low 
frictional force of the SLIPS enables them to exhibit anti-biofouling, anti-icing, and self-
cleaning properties as well as corrosion prevention and drag-reduction with broad 
implication for industry including biomedical devices, fuel transportation and food 
packaging. 

When a droplet is placed on such slippery surfaces interfacial tensions cause the 
lubricant to form a wetting ridge whose size depends on the pressure in the lubricant 
and alternatively, on the thickness of the lubricant layer1. Several studies have derived 
scaling laws for the drop dynamics on SLIPS by balancing driving and dissipative forces. 
Based on the relative magnitude of viscosities of droplet and lubricant, different 
dissipations have been identified. If the viscosity of the droplet is larger than the 
viscosity of the lubricant the drop velocity is linearly proportional to the driving force. 
In contrast, if the lubricant is more viscous than the droplet, its velocity predicted to be 
a power law 3/2 of the driving force2. Additionally, the motion of drops on SLIPS causes 
lubricant depletion3.  

However, so far the effect of the wetting ridge size on drop dynamics has not been 
addressed in detail. Therefore, in this contribution systematic experiments are reported 
to evaluate the impact of the relative size of the oil ridge (K) to the drop size (R), as 
illustrated in Figure 1. Furthermore, we derive a scaling law to rationalize our 
experimental observations. 

(a) (b) 

Figure 1: (a) Larg relative size of the wetting ridge to the drop size. (b)   Small relative size of 

the wetting ridge to the drop size 

a
Smart Materials and Surfaces Laboratory, Northumbria University, Newcastle upon Tyne NE1 8ST, 

UK 
1 Semprebon et al, J. Soft Matter 17, 9553 (2021).
2 Keiser et al, J. Soft Matter. 13, 6981 (2017).
3 Kreder et al, J. Phys. Rev 8, 031053 (2018).
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The unpredictable nature of bubble evolution

J. Lawlessa, J. S. Keelerb, A. L. Hazela and A. Juela

Recent studies on the subcritical transition to turbulence have demonstrated how 

finite-amplitude perturbations can drive unpredictable (turbulent) dynamics when 

applied to a laminar flow. Here, we demonstrate an occurrence of a different type of 

unpredictability which arises in response to finite-amplitude perturbations in the two-

phase flow of an air bubble contained within a viscous fluid-filled Hele-Shaw channel. 

The channel is partially-occluded by a small depth-perturbation spanning its axial 

centreline. This system supports multiple stable and unstable modes of bubble 

propagation; including steady symmetric propagation about the channel centreline, 

steady asymmetric propagation biased towards one side of the channel and oscillatory 

propagation. Bubbles also have the propensity to break up and recombine, allowing for 

states of permanently-changed bubble topology. 
We apply controlled geometric perturbations to a steady, centred bubble by 

introducing a local channel constriction. We identify localised regions of the flow rate 

for which the resulting bubble evolution is unpredictable. Seemingly-identical bubbles 

diverge after the onset of transient oscillatory behaviour and evolve towards a multitude 

of distinct long-term outcomes, including steady single-bubble propagation in each of 

the available stable propagation modes and systems of permanently-changed bubble 

topology – see Fig (1). The experimental observations are interpreted by using a depth-

averaged lubrication model of the system. We will present evidence to demonstrate that 

the observed unpredictability is driven by a sensitive dependence on initial conditions 

that emerges in the vicinity of an unstable periodic orbit. 

a
Manchester Centre for Nonlinear Dynamics, University of Manchester, Manchester, M13 9PL, UK

b
Mathematics Institute, University of Warwick, Coventry, CV4 7AL, UK

Figure 1: Superimposed experimental time-sequences of seemingly-identical bubbles, each 

driven towards a perturbation of fixed size at fixed flow rate. (a) Direct evolutions towards each 

of the stable propagation modes. (b) Evolutions that feature breakup. 
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High-speed dynamics and heat transfer 
during drop impact on heated surfaces 

Lihui Liua, b, Lap Au-Yeunga, Yichi Zhanga, and Peichun Amy Tsaia 

Drop impact on a heated surface not only displays intriguing flow motion but also 
plays a crucial role in many applications and processes. We examine the influence of 
nanostructures on impact dynamics of water drop on heated surfaces, with a wide 

range of Weber number (We) and surface temperature (Ts).1 Via constructing the 
phase diagrams of impact outcomes on both heated flat and nanostructured surfaces, 
we find a significant influence of nanostructures on the impact dynamics by 
generating particular events in specific parameter ranges. For example, events of 
splashing, gentle central jetting, and violent central jetting are observed on and thus 
triggered by the heated nanostructures. The heated nanotextures with high roughness 
can easily trigger the splashing and the central jetting. Compared with the flat surface, 
the dynamic Leidenfrost temperature is lower on the high-roughness nanotextures, in 
agreement with a model prediction by balancing the droplet dynamic and vapor 
pressure. Besides impact dynamics, we investigate both droplet and surface 
temperature changes using a high-speed infrared (IR) camera and thermocouples.2 
Theoretical models of temperature changes are deduced using the energy conservation 
principle. Both theoretical and experimental results show that temperature variations 
on a heated flat surface are dramatically influenced by impact dynamics. For non-
Leidenfrost droplets, the experimental results show that the mean droplet temperature 

change (ΔTd) scales with ΔTd ~ t3/2 and ΔTd ~ t in the initial spreading and later-time 
sticking stages, respectively. The experimental results of solid surface temperature 

change show that ΔTs alters sharply with We for We < 30, whereas insignificantly for 

We > 30 with an identical Ts. Finally, a negligible ΔTd and a nearly constant ΔTs (≤ 4 

℃) are observed for Leidenfrost droplets due to the formation of an insulating vapor 
layer underneath the bouncing droplet.  

a
Dep. Mechanical Engineering, University of Alberta, Edmonton, Alberta, T6G 1H9, Canada

b
School of Astronautics, Beihang University, Beijing, 100191, China 

1 Liu et al., Langmuir 36, 10051 (2020).
2 Liu et al., Int. J. Heat Mass Transf. 189, 122710 (2022). 

Figure 1: Representative snapshots of drop impacting on heated surfaces. 
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Coalescence delay between a moving droplet and liquid layer

A. Boutsikakisa, D. Legendrea, P. Elyakimea, R. Beltb

In a pipe flow with crude oil and water, a dense packed layer of water droplets in oil 
can form at the interface which can strongly impact pressure losses, especially when oil 
viscosity increases. The water in the dense packed layer reduces the amount of water in 
the free water layer and therefore the ratio between oil-wetted and water-wetted perimeter 
(hence wall friction). It is experimentally observed that a flowing dense packed layer is 
more stable than a static one. A dense packed layer is rather complex, so we simplify the 
problem by looking at a single droplet in contact with a liquid layer. Experiments1 have 
shown that the coalescence between a moving droplet and a liquid layer is delayed with 
respect to a static droplet and liquid layer. The purpose of this work is to explain this 
behaviour by Direct Numerical Simulation of a droplet falling under gravity towards a 
liquid bath submitted to a shear flow.  

Three phases have been identified in the droplet motion (Fig. 1a): the initial 
acceleration phase until the total forces on the droplet are balanced, the intermediate phase 
of constant velocity until the droplet reaches the vicinity of the film and the final 
deceleration phase before coalescence. To set up the initial condition under shear flow, a 
smart way to conduct these simulations has been devised, which consists in controlling 
the spanwise position of the droplet by applying a forcing term to the Navier-Stokes 
equations until stationarity is achieved. Then, the droplet is released to fall towards the 
film under the effect of both gravity and shear flow. Two mechanisms are in play (Fig. 
1b): the first one is a flow-induced lift force exerted on the droplet in the direction away 
from the liquid layer, also called a drift velocity2. The second one is a lubrication effect, 
induced by the motion of the droplet itself, pushing the droplet away from the liquid layer 
(Reynolds’ lubrication theory), similarly to a slider bearing. First simulations allow to draw 
several scaling laws, as well as to identify a singularity in the drift velocity when the intensity 
of the shear flow tends to zero. 

a
Institut de Mécanique des Fluides de Toulouse (IMFT), 31000 Toulouse, France

b
TotalEnergies, PERL, 64170 Lacq, France

1 Dong et al., J. Fluid Mech. 892, (2020).
2 Legendre and Magnaudet, Phys. Fluids 9(11), 3572 (1997).

Figure 1: (a) The three phases of film thickness evolution. (b) Shear flow effect in linear phase. 
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Droplet breakup analysis under turbulent conditions 

C. Debernea, V. Chérona,b and J. C. Brändle de Mottaa

Since Hinze’s and Kolmogorov’s seminal works in the 50s, the droplet secondary 
breakup phenomenon due to turbulence has been subject to many studies. Secondary 
Breakup Models are built on the competition between the inertial forces responsible of 
the disruptive effects of the drop and the interfacial forces responsible of the restoring 
effects/ droplet-turbulence interaction. The different authors have based their models 
on the global statistics of a spray.  

This communication analyzes the temporal evolution of thousands of individual 
droplets. Each spherical droplet is computed in a tri-periodic domain using the 
interface-resolved Direct Numerical Simulations solver ARCHER1. The surrounding 
fluid is a turbulent sustained flow. The Weber number based on the velocity fluctuations 
(We = ρu'R/σ) is set for all the simulations to 0.45. The density and viscosity ratios 
between the two-phases are fixed to unity. Different initial flow conditions are applied 
varying the turbulent realization. The simulations are performed until the drop 
breakage, which occurs after several capillary times (see Figure 1 for an example of the 
database). This methodology circumvents other phenomena (shear, coalescence, etc.) 
and enables the detailed analysis of the breakup mechanism.

In this communication, numerous morphological and physical parameters, such as 
the local Weber number suggested by Perlekar2, are employed to predict an eventual 
breakup under turbulent conditions. A statistical analysis is carried out and the accuracy 
of the proposed criteria is evaluated by means of some indicators such as the F-score. 
The goal is to determine which parameters are the most reliable for the study of drop 
rupture. 

Figure 1: Temporal shape evolution of an individual droplet induced by turbulence. The 

time step between two snapshots is Δt ≃ 1.1 tc, where tc = (ρR³/σ)1/2. 

a
UMR6614-CORIA, Rouen Normandie Université/INSA Rouen Normandie, 76801, France.

b Lehrstuhl für Mechanische Verfahrenstechnik, Otto-von-Guericke-Universität Magdeburg, 
Universitätsplatz 2, 39106 Magdeburg, Germany. 

1 Chéron et al., 29th Conference on Liquid Atomization and Spray Systems (2019).
2 Perlekar et al., Phys. Fluids 24, 065101 (2012). 
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Droplet impact on a thin textile 

H. Madkoura, C. Duprata

Drops impacting on fibrous materials are ubiquitous phenomena that are 
interesting for a wide range of applications, ranging from bloodstain pattern analysis 
to coating of fibrous materials. While current literature extensively covers the capture 
phenomenon of a drop impacting a single fiber or a single pore, the capture of drops 
by thin fibrous media has received less attention. We study experimentally the impact 
of droplets on thin fibrous veils, in particular woven grids of controlled geometry. As 
the droplet comes into contact with the textile, it spreads on its surface while 
simultaneously a liquid lobe elongates underneath the grid. 

We first qualitatively describe a large variety of impact regimes that depend on 
droplet velocity and size, as well as the textile properties (fibre radii and densities). 
These regimes range from the droplet spreading at the surface of the textile to the 
droplet forming a spray and mixing air in the liquid underneath the textile. We then 
look into a quantitative description of the regimes where the drop is fully captured by 
the grid. We describe the coupled dynamics of the liquid lobe formed underneath the 
textile and of the liquid spreading on the surface of the textile. Finally, we look into a 
criterion for droplet capture as a function of droplet velocity and textile properties. 
The observed dynamics and the final wet diameter result from the coupling of 
spreading at the surface of the veil, imbibition within the fibrous matrix, and flow 
through the thin porous textile. 

Figure 1: Drop of radius 1mm impacting a thin woven textile of constant pore size 50µm. 

Time between frames is 15ms. 

a
LadHyX, Department of Mechanics, École Polytechnique, Institut polytechnique de Paris, 

Boulevard des Maréchaux, 91120, France
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Wakes past oscillating bubbles rising 
in a laterally confined thin-gap cell 

L. Pavlova,b, V. Roiga, S. Cazina, V. D’Angelob, M. Cachileb and P. Erna

We studied by time-resolved 3D-PTV the wake generated by large bubbles of equivalent 
diameter d rising at high Reynolds numbers in a thin-gap cell (thickness h < d) of variable

width (W ≫ h), filled with water. We focused our attention on bubbles displaying both
path and shape oscillations. For a given bubble size, we found that the lateral 
confinement has a strong effect on the wake dynamics, in particular on the motion of 
the vortices released by the bubble (primary vortices). For values of W large enough to
consider the lateral confinement as negligible, an ascending motion of the vortices after 
detachment was observed, together with the pairing of vortices of the same sign1. 
However, as shown below, as the lateral confinement increases, the vertical motion of 
the vortices is hindered, and secondary vortices appear close to the lateral walls. These 
vortices have an opposite sign than the primary vortices released by the bubble on the 
same side of the vortex street. One secondary vortex is periodically generated for each 
primary vortex. At longer times, each secondary vortex migrates towards the center of 
the cell, and merges with the primary vortex of the same sign present on the opposite 
side of the vortex street. In the presence of strong enough lateral confinement, the 
number of vortices in the cell at long times remains therefore equal to the number of 
primary vortices released by the bubble. In addition, the lateral confinement does not 
change the frequency of path oscillation and vortex release, resulting in a lower path 
wavelength for smaller values of W, since the mean rise velocity of the bubble
diminishes2. The number of vortices increases thus significantly with respect to the 
configuration without lateral confinement. Additional results concerning the temporal 
evolution of the vorticity and the shape of the vortices will be discussed.  

a
Institut de Mécanique des Fluides de Toulouse, Université de Toulouse and CNRS, Toulouse, 

France. 
b

Universidad de Buenos Aires, Facultad de Ingeniería, Grupo de Medios Porosos, Buenos Aires, 

Argentina and CONICET. 

1 Filella et al., J. Fluid Mech. 778, 60 (2015).
2 Pavlov et al., Phys. Rev. Fluids. 6, 093605 (2021).
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Nonlinear oscillations of levitated air bubbles in water 

G. Hunter-Browna, N. Samparaa, M. M. Scaseb and R. J. A. Hilla

The oscillations of gas bubbles in liquid play a crucial role in several important 
physical processes, such as the collapse of cavitation bubbles and the radiation of light 
via sonoluminescence.  

We will present a novel levitation technique used to observe the nonlinear 
oscillations of an air bubble in water. Two bubbles are levitated magnetically, as if in 
zero gravity, in stable mechanical equilibrium away from walls and interfaces, and 
allowed to coalesce starting from rest. We observed the resulting large-amplitude 
axisymmetric oscillations of the coalescing bubble using a high-speed camera. 
Numerical simulations were also carried out using the freely available multiphase 
Navier-Stokes volume of fluid solver Basilisk. 

We will describe the technique used to levitate the air bubbles and present results 
from experiment and numerical simulation, and compare these with the analytical 
model of Tsamopoulos and Brown1 for nonlinear shape oscillations of bubbles. 

In addition to non-linear oscillations, we found that the bubble coalescence 
produced other interesting phenomena, including the ejection of satellite bubbles. We 
will show observations of the ejection of multiple satellite bubbles which had 
previously been predicted2, 3, here observed experimentally for the first time. 

a
 School of Physics and Astronomy, University of Nottingham, Nottingham NG7 2RD, United Kingdom 

b
 School of Mathematical Sciences, University of Nottingham, Nottingham NG7 2RD, United Kingdom 

1 Tsamopoulos & Brown, J. Fluid Mechanics. 127, 519 (1983)
2 Zhang & Thoroddsen, Phys. Fluids. 20, 022104 (2008)
3 Ohnishi et al., Adv. Space res. 24, 1331 (1999)

Figure 1. Series of images showing the oscillations of an air bubble in water, levitated 
magnetically in stable equilibrium. The large amplitude oscillations are produced by the 
coalescence of two equal-sized levitated spherical parent air bubbles, starting from rest, as 
shown in frame 1. The ejection of two satellite bubbles can also be observed shortly after 
coalescence (frame 3). 
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Self-healing holes in liquid films 

H. Vaziri1, S. Popineta, and T. Séona

 Air bubbles bursting at the surface of a liquid are a very common, complex, and 
important phenomenon, controlling for example the exchanges between the ocean 
and the atmosphere. 

Bursting is preceded by the formation of a very thin liquid film (the "bubble cap") in 
which holes eventually form, leading to its atomization into very small aerosol 
droplets. While the exact mechanism of hole formation remains unclear, several 
plausible processes have been proposed. A useful approach to test these hypotheses is 
to look at the stability of a hole of radius R formed in a sheet of thickness H. It is, in 
particular, well-known that if the hole is small enough it can close back i.e. "self-heal". 

1
Jean Le Rond d'Alembert Institute, Sorbonne University, 4 Place Jussieu, Paris, France

 1 Taylor and Michael, J. Fluid Mech. 625, 58 (1973). 

345



Surfactant dynamics and fragmentation in a thin liquid film spreading 
on an immiscible liquid surface 

C. J. Wilka, A.L. Hazela and J. R. Landela,

Macroscopic thin liquid films are important in many processes ranging from coating 
flow technology to biological systems, such as the fluid lining in the pulmonary 
airways or the formation of a tear film. Surfactants can reduce the surface tension at 
an interface and lead to interfacial Marangoni stresses if surfactant gradients exist. In 
this study, we investigate the coupling between surfactant concentration and film 
dynamics by considering the spreading of surfactant-laden immiscible droplets over 
liquid substrates where endogenous traces of surfactants are present. As the film 
spreads over the liquid substrate, due to Marangoni forces, a rim is formed at liquid-
liquid-gas contact line of the film which, ultimately, becomes unstable due to a 
Rayleigh-Plateau instability1 and breaks up into a myriad of droplets2 (Fig.1). We 
hypothesize that this two-dimensional fragmentation instability is due to the intricate 
interplay between the Marangoni forces and the wetting properties of the fluid which 
enables the system to form unstable rims at the contact line whilst spreading. We have 
studied the problem experimentally, theoretically and numerically. Using lubrication 
theory3, a non-linear diffusion equation is derived to describe the spreading of the 
surfactant in the system. Two continuity conditions of surfactant concentration and 
flux between the film phase and the liquid substrate are critical to the surfactant 
dynamical behaviour in the system. By imposing these conditions at the contact line, 
we observe the formation of a surfactant concentration jump which could explain the 
rim formation and destabilization observed experimentally. By varying the rate at 
which the surfactants leave the film, one can significantly change the surfactant 
concentration profile and, therefore, the spreading velocity of the film. Finally, we 
discuss our model predictions in comparison with our experimental findings.  

a
Dep. Mathematics, University of Manchester, Oxford Road, Manchester, M13 9PL, UK 

1 Baumchem et al., Phys. Rev. Lett. 113, 014501 (2014).
2 Keiser et al., Phys. Rev. Lett. 118, 074504 (2017).
3 Jensen and Halpern, J. Fluid Mech. 372, 273 (1998).

Figure 1: Snapshots of a droplet of tetradecane, containing traces of dodecanol, spreading on 

a glycerol substrate where endogeneous traces of surfactant are present. 
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A coupling VOF/embedded boundary to model arbitrary contact 
angles on solid surfaces 

M. Tavaresa, C. Josseranda, A. Limareb, J. M. Lopezc and S. Popinetb

Two-phase flows in presence of solid boundaries are present in numerous natural 
environment and industrial applications. In the past decades, a lot of experimental and 
numerical1 studies have been carried out to deal with the dynamics of the contact 
angles at the triple point between the two fluids and the solid. From a numerical point 
of view, there is still a remaining challenge for the triple point computation depending 
on the tracking interface method (VOF, level-set, front-tracking…) used and how the 
solid surface is taken into account (boundary conditions, IBM…)2 for the contact 
angle imposition. A numerical methodology is presented here for simulating contact 
angles on solid surfaces of arbitrary shape.. We use the Basilisk solver where a 2nd 
order conservative Cartesian embedded boundary method is used to tackle with solid 
geometries. The fluid-fluid interface is tracked by a conservative volume of fluid VOF 
method. In our method, an apparent contact angle θs is implicitly imposed by setting 
the right conditions in ghost fluid cells in the embedded solid.  The developed 
methodology is validated in different test cases with several geometry shapes as the 
spreading droplet on an embedded horizontal solid (Figure1 (a)). The results obtained 
show that the present method works well and stay robust in a wide range of contact 
angle as shown in Figure 1(b) where the numerical maximum height and radius 
droplet are compared to the analytical solutions.  Finally, an application to a phase 
change problems, the solidification of a droplet on a cold substrate, is also studied. 

a  LadHyx, Ecole polytechnique, 91128, Palaiseau Cedex, FRANCE 
b  Inst. Jean Le Rond d’Alembert, Sorbonne université, Place Jussieu 75252 Paris Cedex 05, FRANCE 
c  Dep. Aerospace Engineering and Fluid Mechanics, University of Seville, SPAIN 
1 Legendre and Maglio, Comp. Fluids 113, 28 (2015).
2 Lyu et al, J. Comp Phys 432, 110607 (2021).

Figure 1: (a) Equilibrium shapes for 15<°θ<165°. (b) Dimensionless droplet height 
(hf/R0) and radius (rf/R0) evolution as a function of θs 
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Investigation of the coupling between bubble interface 
deformations and flow velocity 

A. Rivière1, L. Duchemin1, C. Josserand2 and S. Perrard1

One of the major issues in turbulent liquid-gas flows is to relate the bubble size 
distribution to the flow statistics. This distribution plays a central role in various 
environmental and industrial situations, in particular for gas exchanges between the 
two phases as in CO2 transfer rate to the ocean or oil aeration processes. At the scale 
of a single bubble, the way it interacts with its surrounding flow is still an open 
question. Several models have been developed to predict the bubble lifetime as a 
function of the Weber number, which compares inertial forces to capillary forces. At 
least two mechanisms for deformation have been identified: resonant bubble 
oscillations involving a succession of interface-eddy interactions, or violent 
deformations induced by a single, intense eddy. To investigate the coupling between 
surface deformations and flow field we develop direct numerical simulations (DNS) 
using the software Basilisk which uses a Volume Of Fluid (VOF) scheme and an 
adaptative mesh grid refinement. We simulate a single bubble in two flow 
configurations: a bubble immersed in a homogenous and isotropic turbulent flow, and 
a bubble in a stagnation point flow. Using a spherical harmonics decomposition of the 
bubble radius, we track the temporal evolution of each coefficient. 

Figure 1: (a) Snapshots of a bubble (in white) evolving in a turbulent flow. Background color 

panels show the velocity components. (b) Temporal evolution of five harmonic coefficients of 
the bubble radius.  

We then relate the growth of the modes amplitude to the corresponding velocity 
modes. We model the dynamics of each mode by a damped harmonic oscillator with a 
force term accounting for the stresses applied by the surrounding flow at the interface. 
We measure the coefficients as a function of the Weber number and the Ohnesorge 
number at the bubble scale which compares viscous forces to inertial and capillary 
forces. We eventually discuss the origin of the coupling terms between the interface 
deformation and the surrounding flow, and the implications on the bubble stability 
and its lifetime. 

1 PMMH, CNRS, ESPCI Paris, Université PSL, Sorbonne Université, Université de Paris, F-75005,

Paris, France

2 LadHyX, CNRS, Ecole polytechnique, Institut polytechnique de Paris, 91120, Palaiseau, France
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Surfactant molecules affect the bubble bursting dynamics 

J. Pierre1, M. Poujol1, T. Séon1

Sea spay aerosol is a crucial mechanism in the ocean-atmosphere exchange. Bubble 
bursting at the surface of the sea water is the main source of those tiny droplets. The 
mechanisms underlying the droplets production have been intensively studied for 
homogenous liquid, and the influence of the bubble size and liquid parameters has been 
unified1. But what happens when there is pollution like such as with surfactants ? 
Despite the diversity of the surfactant molecules present in the oceans, their influence 
has been overlooked. Surfactant molecules change the static surface tension, but this is 
not their only action. Indeed, as they are inhomogeneously distributed in the liquid, they 
migrate continuously from the liquid-gas interface to the liquid bulk, and the time scale 
of these rearrangements is comparable to that involved in the bubble burst. Very 
recently, Neel and collaborators show that at low concentration, well below the critical 
micelle concentration (cmc), sodium dodecylsulfate (SDS) can maximized the droplet 
production2. In contrast, as shown in figure 1, we show that, close to the cmc, SDS can 
turn off the jet and thus the droplet ejection3. In this presentation, I will show you that 
surfactant molecules can drastically change the dynamic of the cavity collapse. We will 
see that these effects are mainly a consequence of the surface tension gradients 
(Marangoni stresses) more than just the surface tension lowering.  

1 Institut d’Alembert, Sorbonne Université-CNRS (UMR 7190) , 4 Place Jussieu, F-75005 Paris,

France 

1 A. Berny, L. Deike, T. Séon, S. Popinet, PRF 5, 3 (2020).
2 B. Néel, M. A. Erinin, L. Deike, Geo. Phys. Lett. 49, 1 (2021) 
3 J. Pierre, M. Poujol, T. Séon, arXiv:2202.04570 (2022) 

Figure 1: Sequences of bursting bubbles (bubbles start to burst at 0 ms) with comparable radius in 

three different liquids . (a) water-ethanol solution. (b) Water-SDS solution.
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Cavitation bubble implosion and induced plastic deformation 

D. Abbondanzaa, M.Galloa, F. Magalettib and C.M. Casciolaa

When a bubble implodes near a solid surface, a high velocity liquid jet directed 
towards the solid is developed, and pressure waves are emitted1. These two 
mechanisms are responsible for the transmission of high energies from the fluid to the 
solid, resulting in unrecoverable deformations in the latter. 

This phenomenon is investigated by means of numerical simulations in which a 
diffuse interface (DI) model for the description of the fluid is coupled with a plasticity 
model, characterizing the solid behavior. The DI model is chosen for its ability to fully 
describe the dynamics of a vapour bubble within its liquid, in terms of phase changes, 
topological transitions, waves emission and propagation2. A classical plasticity model 
is employed to quantify the irreversible deformation and indentation during the first 
stages of cavitation, and the inclusion of inertial terms allows for the full 
characterization of dynamic behaviour and stress waves propagation. In the 
simulations, the bubble collapse is triggered by an overpressure in the liquid, and it is 
influenced by the distance to the wall. The pressure wave emitted by the fluid and 
impinging the solid surface is responsible for deformation and stress propagation in 
the solid. Results show the influence of overpressure and bubble-to-wall distance on 
maximum attained stresses and deformations in the solid, and the importance of 
considering elastic and plastic wave propagation in the description of the material. 

Figure 1: On top, bubble collapsing near a solid boundary (schlieren plot with velocity vectors 
on the left). Notice the topological transition of the bubble and the pressure wave propagating 
along the solid surface. On the bottom, stress waves within the solid (right) and plastic 
deformation magnitude (left).  

a Department of Mechanical and Aerospace Engineering, Sapienza Università di Roma. Rome, Italy 
b Advanced Engineering Centre, School of Architecture, Technology and Engineering. University of 
Brighton. Brighton, UK 
1 Dular et al., Wear  418, 13 (2019).
2 Magaletti et al., International Journal of Multiphase Flow 84, 34 (2016).
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Droplet deformation decomposition in a turbulent flow

I. Roa Antúneza, M. C. Renoulta, C. Dumouchela and J. C. Brändle de
Mottaa 

Droplet deformation and breakup are important phenomena in the atomization 
process due to their impact in the final distribution of droplet size. For many 
applications such as spray painting, coating or fuel injection, it is desirable to be able to 
obtain appropriate fragmentation sizes. Turbulence is one of the main mechanisms 
through which secondary breakup occurs. Several authors relate the turbulent droplet 
breakup to a resonant mechanism reached by their free oscillations, even for low 
turbulence levels, which gives the ground for this study. 

The oscillations of a single, initially unperturbed, spherical liquid droplet subject to 
a homogeneous and isotropic turbulent medium are investigated. The problem is 
approached via direct numerical simulation of the two-phase flow Navier-Stokes 
equations for an ensemble of droplets with different characteristic values, such as 
density and viscosity ratios. The database of single droplets is obtained using the in-
house interface-resolved solver ARCHER1. A theoretical framework for the droplet 
oscillations for each individual mode using a spherical harmonic decomposition is 
considered2, following the deformation of the surface from its initial state until shortly 
before its breakup. In figure 1 we show an evolution of the amplitude coefficients of 
mode 2 before the break. 

This approach relates the droplet small-perturbation amplitude deformation with 
the turbulent medium parameters and characteristics, allowing to exhibit how the 
turbulence excites the different modes leading eventually to breakup. We connect this 
phenomenon to the linear stability theory and analyse how the droplet lifetime is related 
to the turbulence statistics for the ensemble of characteristic values.  

 

Figure 1: a) Temporal evolution of the amplitude coefficients a2, n for degrees n=−2 to n=+2, 

where R0 is the initial radius of the droplet, t is time and f2 corresponds to the theoretical angular
frequency associated to mode 2. b) Snapshot of the droplet at tf2 = 1. c) Snapshot of the droplet
at tf2 = 5.1.

a
Normandie Univ, UNIROUEN, INSA Rouen, CNRS, UMR6614-CORIA, 76000 Rouen, France 

1 Cheron et al., 29th Conference on Liquid Atomization and Spray Systems (2019). 
2 Perrard et al., Journal of Fluid Mechanics, 920 (2021). 

a) b) 

c) 
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Effect of solidification on the splashing of impacting drops 

R. Griveta, A. Huerreb, T. Séonc and C. Josseranda

 The understanding of solidifying flows is an important issue in different domains 
as geophysics, metallurgy and aeronautics1,2, as both thermal and kinetic features 
interact and affect the resulting solid geometry.  
 In that context, we experimentally study the impact of water drops on a cold 
substrate, by lowering the surface temperature down to -120°C. In contrast with 
former studies that focused on spreading and maximal arrest diameter3, we investigate 
the transition from spreading to fragmentation, also known as splashing transition, 
and its dependence on the undercooling degree of the substrate. Although splashing 
has been the object of numerous studies, the effect of temperature and phase change 
on the phenomenon is still not understood4. 

We find that the splashing velocity is significantly reduced by solidification, and 
rapidly varies with the undercooling degree between water melting point and a certain 
critical temperature. At higher undercoolings, the splashing velocity reaches a 
minimum value and does not vary anymore with temperature. Surprisingly, this critical 
velocity corresponds to the splashing transition on super-hydrophobic substrates. 
Consequently, we further explore the analogy between the two situations both 
qualitatively (Fig. 1) and quantitatively, and study the various mechanisms that can 
explain it.  

Figure 1 : Side views of the impact at t=R/U for U=2.6 m/s and various substrate 
temperatures. Splashing occurs for temperatures lower than -44°C, with more droplets ejected 
and apparent corollas at very low temperatures. The bottom image shows an impact on a 
superhydrophobic substrate. 

a LadHyX, Ecole Polytechnique, CNRS, IP Paris, 91128 Palaiseau CEDEX, France  
b MSC, Université de Paris, CNRS, 75013 Paris, France 
c Institut Jean Le Rond ∂’Alembert, Sorbonne Université, CNRS, 75005 Paris, France 

1 Hardee, Volcanol. Geotherm. Res. 3 211-23 (1980).
2 Cieslak, Welding Journal. 70 2, (1991).
3 Thievenaz et al., EPL 132 24002, (2020)
4 Josserand and Thoroddsen, An. Rev. Fluid Mech., 48 365-391 (2016) 
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Memoryless drop breakup in turbulence

A. Vela-Martína, M. Avilaa

The dynamics of drops and bubbles in turbulent fluids is key to many processes in engineering and in 
nature. The theoretical foundations of drop breakup laid out by Kolmogorov and Hinze¹ allow for an 
accurate prediction of the typical drop size in turbulent emulsions, but do not provide information on 
the time scale of the fragmentation process, which is essential to predict the particle size distributions. 
In this work, we leverage a novel GPU pseudo-spectral code² to produce more than 30,000 fully 
resolved  simulations of single-drop breakup in homogeneous isotropic turbulence (see Figure 1). We 
use these data to statistically characterise breakup at different Reynolds and Weber numbers. We show 
that, for drops much larger than the Kolmogorov scale, drop breakup in homogeneous  turbulence is 
memoryless, with a breakup rate that is constant in time, i.e., the probability that a drop breaks is 
independent of how long it has been exposed to turbulent fluctuations. We determined the scaling of 
the breakup rate: it does not depend on the Reynolds number, and it decreases exponentially with the 
inverse of the Weber number. We leverage the memoryless property of breakup, and use the measured 
breakup rates to construct a simple stochastic model that predicts the temporal evolution of drop size 
distributions in turbulent emulsions.  This model is in very good agreement with experimental results, 
and reveals that the asymptotic evolution of dilute turbulent emulsions is governed by a memoryless 
fragmentation process with exponentially increasing time scales. 

a ZARM, University of Bremen, 28199, Bremen, Germany 
1 Hinze, J.O., AIChE. 1, 3 (1955). 
2 Vela-Martin, A, Avila M., J. Fluid. Mech. 929, (2021). 

Figure 1: Drop breakup in isotropic turbulence 
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Wettability pattern mediated trapped bubble removal from an immiscible liquid-liquid 
interface

Imdad Uddin Chowdhurya, Pallab Sinha Mahapatraa, Ashis Kumar Sena

The passage of a bubble through an immiscible horizontal liquid-liquid interface has a wide range of applications, 
from chemical processes to microfluidic devices. Buoyancy governs this passage of the bubble, and at the liquid-
liquid interface, the bubble encounters a downward pulling force due to surface tension. Depending on the 
volume of the bubble, it may pass through or become trapped at the interface. In this study, for the first time, we 
proposed the idea of trapped bubble removal from a liquid-liquid interface with the aid of a wettability-patterned 
cone. The bubble detachment dynamic is investigated using numerical results and theoretical analysis. The effect 
of fluid properties and cone parameters on bubble detachment has been extensively studied. It is found that 

density contrast (𝜌𝑟) and viscosity contrast (𝜇𝑟) of both the liquids, surface tension ratio (𝜎𝑟), bubble diameter 

(𝑑0), wettability of the cone (𝜃) and cone angle (𝛼) play a crucial role in bubble detachment. Here, we studied the 
effect of each parameter on the bubble detachment and, based on that, identified two distinct regimes e.g., 

Detached Regime and Non-detached Regime. The regime map is represented by two non-dimensional groups 𝛽 

and 𝜓 which are functions of Bond number (𝐵𝑜), Ohnesorge number (𝑂ℎ), 𝛼 and 𝜃. Furthermore, the transport 
characteristics of the bubble on the cone after the detachment indicate that the bubble velocity decreased as it 
moved from the narrower to the wider section of the cone.  

Figure 1: (a) Demonstration of the problem. A bubble of diameter D = 2 mm trapped at the liquid-liquid interface. A 

cone of length h = 1 cm with varying cone angle (𝛼 =  10 𝑡𝑜 900) and wettability (𝜃 =  10 𝑡𝑜 900) is used to remove

the trapped bubble. (b) Two distinct regimes are proposed through two non-dimensional groups 𝛽 and 𝜓 

A trapped bubble on a liquid-liquid interface in small-scale chemical industries is not favorable. Thus, the removal 
of the trapped bubble is essential. In this work, a technique for the removal of a trapped bubble from an initially 
horizontal liquid-liquid interface is proposed. We used a cone with varying wettability and a cone angle to remove 
the bubble (refer Fig. 1(a)). A detailed numerical analysis of bubble detachment for a wide range of flow 
configurations is performed. For the numerical modeling, the Cahn-Hilliard model with Navier-Stokes equations 
is used. The dynamics of the bubble detachment are analyzed through the numerical results and are supported by 
a force balance analysis. Two distinct regimes e.g., Detached Regime and Non-detached Regime, based on the 
liquid properties, cone parameters, and bubble diameters, have been identified (refer Fig. 1(b)). The findings of the 
present work are helpful for the experimentalist to understand the critical parameters required to remove a bubble 
from a horizontal liquid-liquid interface using a wettability-patterned cone. This technique of trapped bubble 
removal could be very useful in small-scale chemical industries. 

a Department of Mechanical Engineering, Indian Institute of Technology Madras, Chennai, 600036, India  

Corresponding author email: imdadfromnagaon@yahoo.in 
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Beyond Hoffman-Tanner law: formation of anti-Bretherton 
droplets

P. Favreaua, A. Duchesnea, F. Zoueshtiagha,  M. Baudoin a

Figure 1: Formation of an anti-Bretherton droplet when a liquid plug is pushed in a capillary 
tube above a critical capillary number. a. Experiments. b. Numerical simulations.

In his seminal paper1, Bretherton studied the motion of long bubbles in capillary 
tubes, a situation encountered in many two-phase flow systems, including bubbles2, 
plugs3,4,5,6, and foams7 8 dynamics. Here9, we unveil experimentally and numerically the 
negative configuration, wherein a long liquid drop is stably transported in a capillary 
tube and surrounded by a flow-induced air cushion. These long liquid drops are 
formed when a liquid plug is pushed above a critical velocity sufficient to induce an 
inversion of the front meniscus curvature with a radius of curvature smaller than the 
tube radius. This leads to the development of a thin film of air between the liquid and 
the walls, and the progressive detachment of the plug under the form of a long liquid 
drop. After a careful theoretical and numerical analysis of the drop formation process 
and the parameters leading to this regime, we show that the shape of the drop and 
lubricating air film is reminiscent of Bretherthon’s calculation and can be inferred 
from an adapted analytical theory. This work opens perspectives for drop fast 
transport in microfluidic systems without walls contamination and friction. 

a Univ. Lille, CNRS, Centrale Lille, Univ. Polytechnique Hauts-de-France, UMR 8520 - IEMN - Institut 
d’Électronique de Microélectronique et de Nanotechnologie, F-59000 Lille, France  
1F.P. Bretherton, J. Fluid Mech., 10, 166 (1961) 
2M. Prakash and N. Gershenfeld, Science, 315, 832 (2007) 
3D. Halpern, O. Jensen, and J.B. Grotberg, J. Appl. Phys., 85, 333 (1998) 
4P. Howell, S. Waters, and J.B. Grotberg, J. Fluid Mech., 406, 309 (2000) 
5M. Baudoin et al., Proc. Nat. Ac. Sci. USA, 110, 859 (2013) 
6S.S. Mamba, J. Magniez, F. Zoueshtiagh and M. Baudoin J. Fluid Mech., 838, 165 (2018) 
7I. cantat, N. Kern and R. Delannay, Europhys. Lett., 65, 726 (2004) 
8N. Denkov, V. Subramanian, D. Gurovich and A. Lips, Colloids Surf. A, 263, 129 (2005) 
9P. Favreau, A. Duchesne, F. Zoueshtiagh and M. Baudoin, Phys. Rev. Lett, 125, 194501 (2020) 
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Droplet Capture in Fibre Arrays 

K. J. T. Cardina, C. F. Josserandb and R. B. Cala 

The ability of a fibre structure to capture a droplet and the final equilibrium 
configuration of the captured droplet are rich areas of research with relevance in 
various applications, such as fog harvesting and water recovery on spacecraft. Here, 
we study experimentally the impact of a droplet on an array of mesoscale fibres in the 
unique microgravity environment of the Dryden Drop Tower at Portland State 
University. Droplet impact experiments are performed for stiff stainless-steel fibre 
arrays and flexible fibre arrays, the latter of which display large oscillations following 
the droplet impact, see figure 1(a). A wide range of arrays including equidistant 
patterns of 2-19 fibres in linear or triangular configurations are investigated. With the 
larger length scales afforded to us by the drop tower, we can accurately record the 
droplet dynamics, droplet penetration lengths, and fluid equilibrium configuration, see 
figure 1(b).  We characterize the dependency of penetration length on the droplet 
inertia, droplet properties, fibre array structure, and fibre properties. The role of fibre 
flexibility in droplet capture is also discussed. 

a
Dep. Mechanical Engineering, Portland State University, Portland, OR 97201, USA 

b LadHyX, CNRS, Ecole polytechnique, Institut polytechnique de Paris, 91120, Palaiseau, France 

Figure 1: (a) Kymograph (spatiotemporal diagrams) sampling the free end of the fibre 

showing fibre response to 0.5 ml droplet for rigid (left) and flexible (right) fibres. (b) 
Equilibrium configuration of 0.75 ml droplet in a 13-fibre hexagonal array. 
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Cherry-picking nanoparticles from surfaces using condensate 
droplets

Sreehari Perumanatha, Rohit Pillaib and Matthew K. Borgb 

In nature, many plants and insects exploit the dynamics of condensing dew droplets to 
passively clean their bodies from different types of contaminants, such as pollen, dust 
particles and micro-organisms. For example, the self-cleaning capabilities of cicada 
wings, gecko skin and lotus leaves. It is known that the relatively high capillary force 
exerted by water droplets help these surfaces remove contaminants when droplets 
coalesce or roll over them. However, the exact mechanism of this process, where nano-
to-micrometre sized contaminant particles in the vicinity of a superhydrophobic surface 
interact with moving water droplets, is not yet completely understood. Using high-
fidelity, large-scale molecular simulations, here we demonstrate and theoretically explain 
this process and show, for the first time, that droplets are only able to remove a certain 
class of contaminants from low-adhesion surfaces. This high selectivity arises from a 
competition between the interaction of contaminants with enclosing water droplets and 
their adhesion on the underlying surface. Those particles which are not removed during 
coalescence of two neighbouring water droplets on superhydrophobic surfaces are 
laterally relocated by a distance that is comparable to the radii of the coalescing droplets. 
Our theoretical analysis not only quantitatively explains results of molecular simulations, 
but also clearly describes recent experimental observations. This work produces the first 
understanding of how self-cleaning surfaces work in nature and uncovers the potential 
of droplet coalescence in enabling low-cost regulated transport of nanoparticles on 
superhydrophobic surfaces. This could aid in the design and manufacture of miniature 
electronic devices and bio-sensors, where a nanoparticle’s accurate placement is crucial. 

a
Mathematics Institute, University of Warwick, Coventry, UK 

b
School of Engineering, University of Edinburgh, Edinburgh, UK 

Figure 1: (a) Cicadas have superhydrophobic wings that exhibit self-cleaning by jumping 
droplets. (b) Molecular simulation snapshots of condensate dew droplets removing a nanometre-
sized contaminant from a superhydrophobic surface following coalescence. Here, the front half 
of both spherical droplets are not shown for better visualisation of the nanoparticle. 
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Time-resolved dynamics of laser-cavitation in superfluid and 
normal liquid helium from 1.25 K to 5.19 K 

Kenneth R. Langleya, Nathan B. Speirsa, Tariq Alghamdia, Matthew L. 
Wallaceb, Peter Taborekb and Sigurdur T. Thoroddsena 

When a short duration pulsed laser is focused into a liquid, the liquid breaks down 
into a plasma once the laser-power density exceeds some threshold. After the plasma 
is extinguished, the remaining hot gas expands forming a bubble whose ultimate size 
depends on the thermo-physical and transport properties of the fluids and the energy 
absorbed. This phenomenon has been well studied in regular liquids such as water; 
however, it has received limited treatment in liquid helium. Herein, we use ultra-high-
speed imaging at up to 5 million fps to investigate such cavitation bubble dynamics in 
liquid helium between 1.25 K and the liquid-vapor critical point at 5.19 K. This small 
temperature range results in a wide variation of fluid properties including density, 
viscosity, vapor pressure and thermal conductivity. A pulsed 6 ns Nd:YAG laser and 
variable pulse energy up to 100 mJ is focused using a submerged parabolic mirror to a 
150 µm point. Figure 1 shows a time-sequence of a cavitation bubble created by a 40 
mJ laser pulse in superfluid helium at 1.29 K. The initial shockwave is visible in the 
first frame. The low vapor pressure (1.1 torr) allows the bubble to grow to maximum 
diameter of 13.2 mm at 3.32 ms. Note the texture of the bubble interface as it grows. 
After reaching its maximum size, the bubble eventually collapses into a ring shape 
before rebounding. Interestingly, full collapse of the bubble is only seen when the 
liquid is below the lambda transition at 2.17 K. At higher temperatures, the bubble 
stops collapsing at a diameter between 50% and 70% of the maximum diameter. In 
total we have identified 4 behavior regimes dependent on temperature. We compare 
our experimental results with well known bubble dynamic theory such as the Rayleigh-
Plesset equation and propose a model to predict the maximum bubble size. We also 
present the measured cavitation threshold for our entire experimental range. 

______________________________________________________________ 
aDivision of Physical Sciences and Engineering, King Abdullah University of Science and Technology 

(KAUST), Thuwal, 23955-6900, Saudi Arabia 
bDept. Physics and Astronomy, University of California - Irvine, Irvine, CA 92697, USA 

Figure 1: Time series of a laser-induced cavitation bubble in liquid helium at 1.29 K. 
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Shock-induced release of a gas-encapsulated droplet 

Luc Biasiori-Poulangesa, Guillaume Bokmana, Enea Baumanna and Outi 
Supponena 

Gas-encapsulated droplets are made of  a gas bubble immersed in an ambient liquid 
and carrying a droplet. They are promissent candidates for fluid transport, and 
especially in biomedical applications where they can serve as a vehicle for drug delivery 
where the droplet would contain the drug. Recently, the process by which such fluid 
structures are experimentally generated has been validated 1. This work investigates the 
release and dissemination of  thick-shelled gas-encapsulated droplets using shock waves. 
A laser-induced divergent shock is studied experimentally and numerically, and a planar 
sustained shock wave numerically. 

The numerical investigation is conducted using the open-source compressible 
multiphase flow code ECOGEN 2. When the bubble’s proximal interface impacts the 
droplet upon its non-spherical collapse, a water-hammer shock is initiated both inside 
the encapsulated droplet and the surrounding fluid. An analytical and semi-analytical 
model for the initial water-hammer pressure inside the liquid are derived and show 
reasonable agreement with the simulations. This overpressure results in the 
fragmentation of  the bubble due to the consecutive generation of  multiple sheet jets, 
referred to as jet cascade. The theoretical jet velocity displays a linear dependency on the

particle velocity behind the water-hammer shock. The displacement of  the droplet’s 
center-of-mass is modelled and scales with the characteristic transport time of  the 
droplet. Finally, the internal reflections of  the water hammer wavefront at the droplet 
interface result in a strong tension region in the droplet, which can yield cavitation. 
Despite the different shock nature, experiments showing the interaction of gas-
encapsulated droplets with a laser-induced shock are conducted. Depending on the 
droplet eccentricity, three different phenomenological regimes have been identified.  

a
Institute of Fluid Dynamics, ETHZ, Sonneggstrasse 3, 8092 Zürich, Switzerland 

1
Y. Shen et al., Phys. Rev. Let., 5, 120 (2018).

2
K. Schmidmayer et al., Comp. Phys. Com. 251 (2020).

Figure 1: Interaction of a 3mm-diameter bubble embedded with a 1mm-diameter water droplet 

with a ~35 MPa laser-induced shock wave.
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Ridiculously large droplet impact onto a liquid pool 

Sandip Dighea, Jeffrey Fonnesbecka, and Tadd Truscotta 

We break from convention and study unnaturally large droplets (1 to 50 mm diameter) 
falling into a pool of water. Most studies of droplet impact onto liquid pool focus on 
diameters up to the capillary length and the cavity formation of these droplets results in 
7 axisymmetric regimes. Droplet release height is selected to cover a larger range of 

Weber numbers (We=ρv2d0/σ) from 102 to 104, where ρ is the density, σ is the surface

tension, v is the impact speed, and d0 is the droplet diameter. The result is significantly
different impact regimes and cavity dynamics. For instance, in one regime, a long thick 
jet without secondary droplets forms (Figure 1a) unlike those of Ray et al.1 The droplets 
are more asymmetrical than smaller droplet impacts and the droplet size greatly 

influences the cavity dynamics. The non-dimensional cavity width (d/d0) versus non-

dimensional time (t*=tv/d0) for a constant droplet release height (h) is plotted in Figure
1b. The maximum cavity width and deformation rate is higher for smaller diameter 
droplets, revealing that more of their impact energy is put into cavity formation. 
Whereas, the impact energy of larger diameter droplets is spread out unevenly and less 

focused as shown in the inset images of figure 1b, when d0 is larger than the capillary
length of water (3 mm). 

Figure 1: (a) Long thick jet without secondary droplets. Droplet just before impact with times 
marked (0 ms), cavity formation (32 ms), emergence of a long thick jet (253 ms), and a 
decaying jet without secondary droplets (431 ms). (b) Non-dimensional cavity width versus 

time (t*).

a Department of Mechanical Engineering, Physical Science and Engineering Division, King Abdullah 
University of Science and Technology, Thuwal, 23955, Kingdom of Saudi Arabia. 
1 Ray et al., J. Fluid Mech. 786, 492 (2015).
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Shock-induced jetting during microbubble collapse 

G. T. Bokmana, L. Biasiori-Poulangesa, D. W. Meyera 
and O. Supponena 

Shock wave interaction with microbubbles may results in their non-spherical 
collapse which, under some conditions, generates high-speed jets in the direction of the 
shock wave propagation . This occurs in a wide range of applications such as clinical 

therapies using focused sound waves such as shock wave lithotripsy i⬚1 , ultrasonic

cleaning or reaction initiation⬚2. Both spatial and temporal scales involved in such 
dynamics, however, challenge experimental characterisations, which have consequently 
remained scarce. In this work, high-resolution imaging experiments of the interaction 
between laser-induced underwater shock waves and microbubbles are performed. 
Exceptionally detailed observations of the shape and position of the jet are provided, 
enabling the identification of the initial conditions required to initiate jetting and the 
characterization of the jet quantities. Thanks to on-demand adjustable microbubbles 
and controllable laser-induced shock amplitudes, parametric investigations have been 
conducted and reveal the critical limit between jetting and non-jetting regimes. These 
results are contrasted to various numerical methods (segmented formulation of the 
Rayleigh-Plesset model, Boundary Integral Method, and Volume of Fluid) to evaluate, 
based on the initial conditions, the onset of jetting. Following a thorough comparison 
between the numerical simulations and experiments, both tools agree to scale the 

bubble collapse time with the width of the driving shock⬚3. Independently of the initial 
bubble size, the jet is found to scale with the peak pressure, as expected from 

literature⬚4 . Observations of the gas pocket ejected from the jet tip, showing the 
presence of liquid encapsulated inside, enables to derive an empirical law suggesting 
that the ejection mechanism scales with the initial speed of the jet when breaching the 
downstream bubble wall. Finally, Volume of Fuid simulations contribute in elucidating 
the non-linear behaviour of impulse pressure signals by modelling a divergent shock 
wave with energy dissipation along its propagation. This sheds light on the underlying 
physics linking the shock to the jet dynamics, thus enabling to control the bubble-
mediated liquid transport, which is of primary interest for application such as 
acoustically controlled in-vitro microinjection of cells. 

a Institute of Fluid Dynamics, ETHZ, Sonneggstrasse 3, 8092 Zürich, Switzerland
1 E. Johnsen and T. Colonius. Journal of Fluid Mechanics 629 (2009). 
2 J. P. Dear et al. Nature 332, 6164 (1988).
3 C. D. Ohl and R. Ikink. Physical Review Letters 90, (2003).
4 S.-W. Ohl et al. Interface Focus 5, 5 (2015).

a

Figure 1: Interaction of a 500um-radius bubble with a ~40 MPa laser-induced shock wave. 
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Bubble rise in a Hele-Shaw cell: bridging the gap between viscous 
and inertial regimes

B. Monneta, C. Madeca, V. Vidala, S. Joubauda,b and J.John Soundar
Jeromec 

Bubbles rising in Newtonian fluids are encountered in our everyday life (soda), in 
nature (volcanic eruption) and in industry (heterogeneous catalysis, fermentation, …). 
Several experimental and theoretical studies investigating the rise of individual bubbles 
in a liquid of infinite extent can be found in the literature1, but the impact of 
confinement has not been yet fully determined. The viscous regime in a quasi-
bidimensional (Hele-Shaw) cell has been well studied theoretically2 and 
experimentally3. Experimental results also exist in the inertial regime4. However, the 
transition between the viscous and the inertial regime has not yet been quantified. 
Our study focuses on the transition between the viscous and inertial regimes for the 
rise of a single bubble in a vertical Hele-Shaw cell filled with a Newtonian fluid. The 
evolution of the bubble speed, shape and drag coefficient is analysed, in particular for 
large bubbles, i.e. bubbles with an apparent diameter larger than the cell width. The 
fluid viscosity is varied over three orders of magnitude in order to observe the 
transition between low and high Reynolds numbers. 

a
Univ Lyon, ENS de Lyon, CNRS, Laboratoire de Physique, 69367 Lyon Cedex 07, France

b
Institut Universitaire de France (IUF), 1 rue Descartes, 75005 Paris, France

c
Univ Lyon, Univ Claude Bernard Lyon 1, CNRS, Ecole Centrale de Lyon, INSA Lyon, LMFA, 

UMR5509, 69622 Villeurbanne France

1 Maxworthy et al., Experiments on the rise of air bubbles in clean viscous liquids, Journal of Fluid 
Mechanics, 321, 421–441 (1996) .

2 Taylor and Saffman, A note on the motion of bubbles in a Hele-Shaw cell and porous medium, The 
Quarterly Journal of Mechanics and Applied Mathematics, 12, 265–279 (1959). .

3 T. Maxworthy, Bubble formation, motion and interaction in a Hele-Shaw cell, Journal of Fluid 
Mechanics, 173, 95–114 (1986).

4 A. Filella et al., Oscillatory motion and wake of a bubble rising in a thin-gap cell, Journal of Fluid 
Mechanics, 778, 60–88 (2015). 
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Vapour bubble dynamics of superheated water-in-oil droplets 

Muhammad Saeed Saleem a, Michel Versluis a, and Guillaume Lajoinie a 

Vaporization dynamics of micron size droplets have applications in numerous 
technological processes, including chemical reactors, oil and gas separation, medical 
therapy, and imaging. Optimization for these applications requires a complete 
understanding of the phase-change dynamics of water-in-oil droplets which, in turn, 
requires insight into the thermodynamic processes occurring during vaporization. We 
have taken advantage of high-speed imaging to systematically study the vaporization 
process of a water droplet in different heated organic media. Interestingly, a critical 
radius exists below which droplet dissolution prevents droplet vaporization. The 
resulting dynamics can be characterized in three regimes, depending on the location 
where phase-change occurs upon nucleation of the superheated droplet. Furthermore, 
we show that rupture of the liquid film surrounding the bubble has a measurable effect 
on vapor bubble growth and dynamics. A theoretical model based on a Rayleigh-
Plesset-type equation has been developed that captures the bubble growth by a coupling 
with the thermodynamics of vaporization and heat transfer through convection-
diffusion, where we find very good agreement.  

Figure a) High-speed images of the vaporization of a superheated droplet in hot oil. 

Nucleation initiates at contact line at t = 0.01 ms. The liquid film retracts at t = 0.1 ms 
resulting in a reduction of mass flux towards the bubble. The bubble expansion continues due 

to the liquid inertia before reaching its final size around t = 1.25 ms. b) A comparison of 
experimental bubble radius evolution with the numerical solution of the model. Scale bar 

represents 1mm. 

a
Physics of Fluids Group, MESA+ Institute for Nanotechnology, University of Twente, P.O. Box 

217, 7500 AE, Enschede, the Netherlands

b) 

365



Instability of a swirling bubble ring 

Y. Xua, I. Delbendea, D. Fustera,b and M. Rossia,b

Beluga whales and dolphins produce air bubble rings by blowing air through their 
mouth or blowholes. These animals are also able, by the motion of their heads, to 
increase the bubble length. The resulting bubble is then observed to remain stable for 
long times. This is unexpected since a toroidal bubble or a cylindrical gas jet is 
subjected to Rayleigh-Plateau instability2,3. In the present work1, we discuss several 
aspects: the generation of the bubble, its length increase, and its stability properties. 
First, the generation of such a toroidal bubble is obtained via two-phase direct 
numerical simulations with solver Basilisk4. One considers an idealized situation 
mimicking bubble production through the mouth or blowholes: initially a volume of 
gas of axial length LB is contained in an axisymmetric nozzle, and it is rapidly expelled. 
Simulations show that vorticity trailing from the nozzle rolls up into a toroidal vortex 
ring (see figure 1). This ring traps gas in its core by overcoming surface tension which 
by itself would favour the formation of a single spherical bubble. The dependency of 
this process with respect to surface tension and bubble length LB is studied. During 
the length increase, a typical stretching mechanism of a vortex tube is at work: the 
core radius is highly reduced, the swirl is enhanced, and the vorticity in the gas tends 
to become uniform. We analyse this effect with a simplified model.  Such 
characteristics are important since bubble ring stability will depend on them. Indeed, a 
stability study was performed, showing that a rotating columnar vortex in the gas can 
stabilize the Plateau instability as swirl increases above a well-defined critical value. 

a Sorbonne Université, Institut Jean Le Rond d’Alembert, UMR 7190, F-75005, Paris, France 
b CNRS, Institut Jean Le Rond d’Alembert, UMR 7190, F-75005, Paris, France 
1 Xu et al., Comptes Rendus. Mecanique, 348, 6 (2020).
2 Rayleigh, Phil. Mag 34, 177 (1892).
3 Kubitschek et al., Phys. Fluids 19, 114108 (2007).
4 Popinet, Journal of Comp. Phys. 302, 336 (2015). 

Figure 1: Simulations snapshots of a toroidal bubble generation at different time. From left to 
right, first row to second row: t = 4.4, 5.6, 9.6, t = 20, 30. The upper half displays phases and 
interfaces (red is gas and blue water) and the lower half the vorticity field. 
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Stability of respiratory-like droplets under evaporation 

C. Seyferta, J. Rodríguez-Rodríguezb, D. Lohsea,c and A. Marína

Recent data has shown that different kind of enveloped viruses can surprisingly endure, 
be transported and reactivate in droplets exposed to both high and low humidity. 
Unfortunately, the physical mechanism that allows the pathogen to endure such 
conditions is not well understood. In this work, we analyze experimentally and 
theoretically the evaporation dynamics of respiratory-like droplets in air, semi-levitating 
on superhydrophobic substrates with minimal solid-liquid contact area. Our results 
reveal that, compared to pure water droplets, the salt and organic components in our 
droplets can significantly change the evaporation behaviour, especially for high 
humidities close to and above the so-called deliquesence limit. Due to the hygroscopic 
properties of salt, water evaporation is inhibited once the salt concentration reaches a 
critical value that depends on the relative humidity. We provide a simple model2 to 
describe the time evolution of the size of these droplets (figure 1a). 

The authors thank E. J. W. Berenschot and N. Tas for supplying the superhydrophobic 
substrates used in this paper. A.M. and C.S. acknowledge financial support from the European 
Research Council, Project No. 678573. J.R.R. acknowledges funding from the Spanish MCIN/ 
AEI/10.13039/501100011033 through grant number PID2020-114945RB-C21. D.L. 
acknowledges discussions with Mariette Knaap and funding from the Netherlands Organisation 
for Health Research and Development (ZonMW), Project No. 10430012010022, and from the 
European Research Council, Project No. 740479. 

a
Physics of Fluids Group, Department of Science and Technology, Mesa+ Institute, Max Planck 

Center for Complex Fluid Dynamics and J. M. Burgers Centre for Fluid Dynamics, University of Twente, 
7500 AE Enschede, The Netherlands

b
Departamento de Ingeniería Térmica y de Fluidos, Gregorio Millán Institute for Fluid Dynamics, 

Nanoscience and Industrial Mathematics, Universidad Carlos III de Madrid, 28911 Leganes, Spain 
c

Max Planck Institute for Dynamics and Self-Organization, 37077 Göttingen, Germany

1 Morris et al., eLife 10, 1 (2021).
2 Seyfert et al., Phys. Rev. Fluids. In Press (2022). (https://arxiv.org/abs/2105.09175)

Figure 1: Comparison between experimental data and analytical model. The graph shows the 
normalized droplet volume (V/V0)2/3 with V0 the initial droplet volume, against the time
normalized with the diffusive time scale2. 
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Thermo-electrohydrodynamic (TEHD) convection in rotating 
spherical gap: A 2D-numerical simulation of the AtmoFlow sphere 

P. S. B. Szaboa, Y. Gaillarda, C. Egbersa 

The experimental investigation of large-scale convection in planetary systems such as 
the Earth's atmosphere is still of great interest in geophysics. Gaining the fundamental 
knowledge of the origin of such large planetary waves is therefore a major interest in a 
meteorological point of view. However, up till now it is difficult to reproduce such 
waves in laboratory scale.1,2 The limitation is simply -terrestrial gravity- and a central 
force field, e.g., within a spherical shell model that mimics a planet. The solution for 
the central force field may be found via an electric tension to induce TEHD 
convection in the presence of a non-isothermal dielectric fluid.3 While in terrestrial 
environments Archimendian buoyancy overpowers TEHD convection experiments 
have to be performed in a microgravity environment.  

In this study we show 2D-numerical results of the AtmoFlow experiment, (see for 
boundary conditions Figure 1), which is the third spherical shell experiment that will 
be placed on the International Space Station (ISS).4 The system is forced by a set of 
electric Rayleigh numbers counting for thermal forcing and electric tension and a set 
of Taylor numbers for rotation. The 2D-numerical simulations at the equatorial plane 
are investigated within the AtmoFlow sphere and show flow fields and thermal 
structures similar to the classical rotating baroclinic annulus. The observed convective 
structures are classified in azimuthal mode numbers ranging from 3 to 12 with stable 
symmetric shapes, amplitude vacillations and structural vacillations with anvil shaped 
cells. A regime diagram is used to summarise the numerical solutions. 

a Dep. Aerodynamics and Fluid Mechanics, Brandenburg Univ. of Technology, Cottbus, Germany
1 Szabo et al., PAMM 18 (1), 1-2 (2018)
2 Szabo, et al. PAMM 21 (1), 1-2 (2021)
3 Szabo, et al., Exp. Therm. Fluid Sc. 129, 1110470 (2021)
4 Zaussinger et al., Phys. Rev. Fluids 5 (6), 063502 (2020)

Figure 1: (a) Sketch of atmospheric boundary conditions. (b) sketch of experimental concept 

of the AtmoFlow spherical shell experiment on the ISS.  

370



Electric charge generation and transport in turbulent wall bounded 
flows

M. Caleroa, H. Grosshansb  and M.V. Papalexandrisa

Flow electrification during the transport of dielectric liquids constitutes a major safety 
hazard. This is particularly the case in petrochemical and process industries, in which 
several accidents have occurred in the past due to the dielectric properties of liquid 
hydrocarbons. For this reason, this phenomenon has been the subject of various 
research efforts. Typically, flow electrification occurs via diffusion of electric-charge 
carriers (ions) from the electrical double layer, which is inevitably formed at a liquid-
solid interface, to the bulk of the flow. This phenomenon is currently not well 
understood but it is generally accepted that flow turbulence plays a major role and can 
signifi-cantly increase the electrification rate. More specifically, at sufficiently high 
Reynolds numbers, and for low-conductivity fluids such as liquid hydrocarbons, the 
thickness of the hydrodynamic boundary layer becomes comparable to that of the 
electrical double layer. In turn, this leads to increased transport of charges away from 
the wall region and towards the bulk of the flow. However, quantitative information 
on the underpinning mechanisms of this phenomenon is still lacking. In the first part 
of this presentation we outline the governing equations for the problem of interest 
and discuss the physical significance of the various terms in the charge-density 
equation. In the second part, we present results from direct numerical simulations of 
turbulent flow electrification for friction Reynolds numbers ranging from 150 to 210. 
Our study focuses on the rate of accumulation of charge in the bulk, the statistical 
properties of the charge density distribution, and the budget of the charge-density 
variance 

a
Université catholique de Louvain, Institute of Mechanics, Materials and Civil Engineering, Louvain-

la-Neuve, Belgium
b

Physikalisch-Technische Bundesanstalt, Braunschweig, Germany
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Multi-inception patterns of emitter array/collector systems in DC 
corona discharge 

J. Lemétayera, C. Mariona, D. Fabrea and F. Plourabouéa

Multiple emitters systems have been previously used so as to increase charge 
density in the drift region, many times without producing sensible increment neither 
in total current nor ionic wind. This contribution focuses on analyzing the detailed 
physics behind what is named "multiple emitters un-scalability"1. It is established that 
multiple emitters un-scalability is related to the inability of multiple corona discharge 
inceptions when increasing the emitter density. This confirms recent findings that 
corona discharge inception is shielded by electro-static interactions between emitters2. 

This contribution demonstrates that this shielding can be balanced by 
emitter/collector electrostatic interactions depending on the considered configuration. 
For sufficiently close collector-emitter distances, ignition starts at the array center, 
whereas, on the contrary, when the collector is distant, the ignition not only starts at 
the array's periphery but might also be limited there. 

Drawbacks of the partial ignition of the emitter array is understandable considering 
the consequences of inception occurence on the current-voltage characterizations and 
thrust measurements. Each new ignited emitter is marked by a slope increase of the 
thrust while the current-voltage curve is not affected. However, this later one is 
strongly affected by the corona regime switching from glow corona to streamers. 

It is also demonstrated that emitter/emitter electrostatic interactions can be 
balanced by emitter/collector ones, depending on their chosen configuration. 
Intermediate configurations for which the collector is neither sufficiently close nor 
distant from the emitter array center provide a variety of multi-inception patterns that 
are hereby analyzed. Combining finite element computations of multi-inception drift-
diffusion modeling with experimental measurements, provides a coherent picture 
explaining why multiple emitters sources systems do not lead to full ignition, and also 
exhibits conditions for which it does, leading to multiple emitters scalable systems. 

a
IMFT UMR 5502 UPS-CNRS-INPT, Allée du Pr Camille Soula, Toulouse, 31400, France 

1 Lemétayer et al., J. Phys. D: Appl. Phys., 55, 185203 (2022)
2 Islamov, J. Electrostat., 108, 103512 (2020)

Figure 1: Experimental thrust and current intensity versus applied potential for 5 
emitters with an emitter/collector distance (a) of 45 mm and (b) of 100 mm. 

(a) (b) 
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The dynamics of electrified coating flow on a stationary or 
uniformly rotating cylinder 

R. A. McKinlaya, A. W. Wraya and S. K. Wilsona 

The dynamics of a two-dimensional film of an electrified, perfectly conducting, 
Newtonian fluid coating a stationary or uniformly rotating, horizontal, circular cylinder 
are studied. The cylinder is an electrode held at a constant potential and a concentric 
outer electrode encloses the system, inducing electrostatic forces at the fluid-gas 
interface. The potential at the outer electrode is, in general, non-uniform, and its 
spatiotemporal distribution can be prescribed. New long-wave scalings1 are used along 
with the Method of Weighted Residuals2 to derive a general model that is valid for both 
thin and thick films and incorporates the effects of electric stress, rotation, gravity, 
viscosity, inertia, and capillarity. This model is investigated both numerically and 
analytically in appropriate limits. The thin-film limit is investigated first: the cases in 
which the inner electrode is stationary and in which it is rotating with a constant angular 
velocity are both considered. In the former case, draining is observed and the interface 
is found to exhibit a general structure at late times for a range of parameter values3. 
Analytical and asymptotic solutions along with scaling laws for the film evolution at late 
times are derived and validated numerically. In the latter case, the linear stability of the 
system is investigated in two analytically tractable cases – the case of zero gravity and 
the case in which electrostatic and capillary forces are weak – and it is shown that, in 
general, the electric field has a destabilising effect on the system. In addition, a 
parametric study is performed which identifies four characteristic behaviours of the 
system: transient behaviour, steady states, periodic states, and outer contact (in which 
the film touches the outer electrode), and appropriate parameter planes are determined 
for various initial film thicknesses. Finally, the general model is used to briefly explore 
the possibility of using the electric field to control the dynamics of the thick film. 

a
Dep. Mathematics and Statistics, University of Strathclyde, 26 Richmond St., Glasgow, UK. 

1 Wray et al., SIAM J. Appl. Math., 77 (3), 881 (2017).
2 Ruyer-Quil and Manneville, Eur. Phys. J. B. 15 (2), 357 (2000). 
3 Qin et al., J. Fluid Mech. 907, A4 (2021).

Figure 1: Geometry of the problem considered. The inner and outer electrodes have radii 𝑅1 

and 𝑅2, and electric potentials 
𝑎

 and 
𝑏
, respectively. The interface is located at 𝑟 = ℎ. The

inner electrode rotates with angular velocity  in the anti-clockwise direction and gravity acts 
vertically downwards. 
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Thermoelectric instability of a dielectric fluid in a cylindrical 
annulus with vertical or horizontal orientation 

A. Meyera, M. Meiera, P. Szaboa, Y. Sliavina, V. Motuza, P. Gerstnerb, J.
Rollerb, V. Heuvelineb and C. Egbersa 

When an inhomogeneous electric field is applied to a dielectric fluid, the 
dielectrophoretic (DEP) force is generated due to the differential polarization of fluid 
particles. The effect of the DEP force is investigated when the permittivity gradient 
results from a temperature differentiation. Indeed, a silicone oil is confined between 
two coaxial cylindrical electrodes maintained at different temperature and different 
alternative electric potentials.  Under this configuration, the DEP force can be seen as 
a natural buoyancy force originated by an effective centripetal electric gravity. 
Therefore thermoelectric instability can arise when the inner cylinder is hotter than 
the outer one1. 
Two identical systems are studied in different orientations: horizontally and vertically 
aligned cylinders. The flow is evaluated by the use of a PIV measurement of the 
velocity field along the cylinders axis and of a shadowgraph technique through the 
length of the cylindrical gap. It has been shown that in the vertical configuration, the 
flow of natural convection destabilizes to stationary columnar vortices2 (Fig.1-a). In 
the horizontal configuration, no instability has been observed. However, the base flow 
enhancement with the increase of the electric field is observed (Fig.1-b). 

Figure 1: Shadowgraphs obtained for 5K temperature difference with 8kV applied electric 
potential and for (a) the vertical cell and (b) the horizontal cell. 
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2 Seelig et al., Int. J. Heat Mass Transfer 139, 386-398 (2019).
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Shaping wind with electrostatics:  
flow patterns and stability of ElectroHydroDynamic thrusters 

F. Picellaa, F. Plourabouéa, D. Fabrea

Thruster systems can tailor electrostatic fields so as to drive an ElectroHydroDynamic 
fluid flow through Coulomb forcing. Motivated by the recent developments of ionic 
wind propulsion [1] as well as ionic wind micro-cooling systems, our goal is to analyze 
the flow structures of the ionic wind produced by a simple EHD electrode 
configuration. Here we consider a corona-discharge created around a thin electrode 
named emitter, whereby created charges drift toward a much larger cylindrical 
electrode called collector (white circle in bottom Fig.). Using [2] as a starting point, we 
develop a computational chain based on the Finite-element software FreeFem++ and 
the StabFem toolkit [4], capable of adequately taking care of the simulation of EHD 
coupled non-linear multi-scale problems. Accessing for the first time the properties of 
the EHD flow field, we report a topology change in the base flow versus the emitter-
collector distance d, for a fixed electrostatic forcing and collector radius r. When d/r 
≤ 1, the fluid accelerated by coulomb forces produces a thin jet impinging the 
collector surface, splitting along the collector’s radii, further downstream separating 
from boundary layers so as to form a short but wide recirculation zone (Fig. 1.a). 
Considering d/r > 1, the electrostatic-driven momentum transfer is more widely 
distributed within the emitter-collector region, producing a wider and smoother jet, as 
well as a long but narrow recirculation zone (Fig. 1b). These base-flow modifications 
strongly affect stability. For d/r ≤ 1 the most unstable mode is associated with a 
detached, low frequency, shear-layer-like (SL) mode (Fig. 1c). Conversely, for d/r > 1 
a downstream von-Karman like (VK) wake mode is found (Fig. 1d). We identify the 

first Hopf bifurcation critical voltage versus d/r and the corresponding frequencies.  
(a-

b) Normalized streamwise component of the baseflow and (c-d) streamwise velocity 
perturbation of the most unstable eigenmode. Arrows indicate the emitter’s location.
References 
[1] Xu et al., Flight of an airplane with solid-state propulsion, Nature, 563.7732, p 532, 2018.
[2] Coseru et al., Numerical study of Electro-Aero-dynamic force and current resulting from ionic wind in
emitter/collector systems, J. Applied. Phys D., 129, 103304, 2021.
[3] Fabre et al., A Practical Review on Linear and Nonlinear Global Approaches to Flow Instabilities.
Applied Mechanics Reviews 70(6):060802, 2019.
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Geometrically induced selectivity and unidirectional 
electroosmosis in uncharged pores

G. Di Muccio1, B. Morozzo della Rocca2, M. Chinappia

Selectivity towards positive and negative ions in nanopores is often associated with 
electroosmotic flow (EOF), the control of which is pivotal in several micro and 
nanofluidic technologies. In the electro-hydrodynamic framework, selectivity is 
traditionally understood to be a consequence of surface charges that alter the ion 
distribution in the pore lumen1. Here we present a purely geometrical mechanism to 
induce ionic selectivity and EOF in uncharged nanopores and we tested it via 
molecular dynamics simulations2. Our approach exploits the accumulation of charges, 
driven by an external electric field, in a coaxial cavity that decorates the membrane 
close to the pore entrance. The selectivity was shown to depend on the applied 
voltage and results to be completely inverted when reverting the voltage. The 
simultaneous inversion of ionic selectivity and electric field direction causes a 
unidirectional EOF. We developed a quantitatively accurate theoretical model for 
designing pore geometry to achieve the desired EOF. Finally, we show that 
unidirectional EOF also occurs in much more complex scenarios where surface 
charge are present at the pore wall. The capability to induce ion selectivity without 
altering the pore lumen shape or the surface charge may paves the way to a more 
flexible design of selective membranes. 

1
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2
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1 Gubbiotti et al. arXiv preprint arXiv:2111.05786. (to appear in Advances in Physics: X) 
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Convective heat transfer in a cylindrical annulus submitted to 
dielectrophoretic force under parabolic flight conditions: 

numerical study 

O. Crumeyrollea, S. Khelifaa, P. Szabob, C. Egbersb, I. Mutabazia

Heat exchangers are common devices in industrial processes, building equipment’s, 
aircrafts, cars, etc. Forced convection is often retained as a solution to control and/or 
provide guaranties on the attained performance. However the use of pumps, fan, or 
other moving parts, creates points of failure, and maintenance needs. This is not 
always desirable, and paramount examples are space applications for which moving 
parts are avoided if possible. Furthermore natural convection is suppressed in 
microgravity. However when high voltage is applied to an electrically insulating fluid, 
inhomogeneous polarisation appears, and gives rise to the dielectrophoretic force. 
Resulting convective flow patterns leads to controllable heat transfer without moving 
parts. An apparatus with cylindrical annulus was investigated in parabolic flight 
conditions (PFC), with increased heat transfer, but complicated behaviour presumably 
due to PFC [1] [2] [3].  

In the present work we investigate numerically the convection created in such a 
cylindrical annulus filled with silicon oil under PFC. Time dependent 3d simulations 
are carried out with COMSOL. A qualitative flow pattern agreement was already 
reported [4]. Here we investigate further on the heat transfer. Post-treatments provide 
time dependant Nusselt numbers. Due to PFC and fluid choice, a fully developed 
mono-cellular convective flow exists and is simulated. It acts as the initial condition 
before the airplane manoeuvre. The airplane manoeuvre, described by time dependent 
gravity in the "vertical" direction (air plane frame), results first in a hyper-gravity phase 
that does not break the mono-cellular flow axisymmetry, but reinforces this flow and 
the associated convective heat transfer. Second, the microgravity starts, and the high 
voltage is applied. Axisymmetric rolls grow, together with a non-axisymmetric flow 
pattern in the central part of the annulus. Growth however dominates the flow pattern 
after a transient damping of the initial flow. Heat transfer along damping and growth 
is rescaled with a priori viscous diffusion time and turnover time. Delayed application 
of dielectrophoretic force, and variations on the boundary conditions are also 
reported.  
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377



Electrohydrodynamics 2 

Session 8 | Thursday, September 15, 17:00–19:00 



Coupled nonlinear deformation oscillations of a pair of anchored 
water droplets subject to an electric field

Pramodt Srinivasulaa, Rochish Thaokara 

Electrohydrodynamics (EHD) is the study of the effect of electric fields on 
multiphase fluid systems. Dynamics of a single droplet in an ambient fluid subject to 
electric field were studied historically in numerous contexts. EHD interaction between 
more than one droplets currently poses many challenges and opportunities for 
theoretical understanding and technological applications. A setup consisting of two 
submilli meter scale water droplets held in front of each other anchored on to metal 
needle electrodes in air is studied experimentally, numerically and theoretically. In this 
talk we would like to present three key results of our studies, which might contribute 
for a substantial progress in this field. 
   First, experimental studies reveal capillary and electrostatic nonlinearity of 
deformation of the electrified anchored droplets in air results in electro-capillary-
inertial oscillations. Interaction between the droplets pair exhibits beating oscillations, 
bifurcation of deformation oscillations to coalescence of the droplets and large 
amplified oscillations of droplets due to resonating AC fields. More surprising and 
counter-intuitive phenomena were experimentally observed, which might require 
revisiting the fundamental approximations in the mathematical modeling of electrical 
behavior of water. 
  Second, theoretical modeling of electrostatic interaction between two deformable 
droplets separated at a distance of  same order of their diameters, had been a challenge 
for many decades. Bispherical coordinates system is employed to explain the 
experimentally observed shape deformation oscillations with a good match of results. 

a
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Numerical Simulation of Thermal Electrohydrodynamical 
Convection in Annular Geometry

J. Roller1, P. Gerstnera, V. Heuvelinea, A.Meyer2, M. Meierb, and C.
Egbersb 

We consider the hydrodynamical behavior of a dielectric fluid contained in a cylinder 
annulus under applied voltage and temperature gradient between inner and outer wall. 
This setting gives rise to a resulting body force, being a superposition of buoyancy and 
dielectrophoretic force (DEP). The situation can be modeled by means of thermal 
electrohydrodynamical (TEHD) Boussinesq equations. Owing to the mathematical 
description, this is a challenging three-dimensional nonlinear multi-physics problem 
we address with finite elements.  
In typical scenario for a vertical annulus,  the fluid motion reaches a stationary state 
that is formed by a certain number of axially aligned, columnar-formed vortices1. Such 
vortices contribute to enhanced radial heat transfer. For a horizontal annulus, no 
vortex formation is observed. Instead, depending on the temperature gradient and 
applied voltage, time-periodic solutions are obtained, characterized by periods of 
rising and falling temperature at the top and bottom of the annulus, respectively. We 
investigate the effects of a range of thermal and electric Rayleigh numbers on flow 
stability in this scenario and also relate this to the microgravity case. In addition, we 
compare our simulations with experimental data. 
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Salinity gradient power generation: 
Effect of surface charge decorations on performance in nanopore 

devices

M. Baldelli1, F. Viola2, S. Balmec and M. Chinappia

Nanopore and nanochannel based systems are promising devices for a clean and 
sustainable way to produce electric energy from electrolyte solutions at different salt 
concentrations, e.g. sea (salt water) and river (fresh water)1. A nanoporous membrane 
is placed between the two reservoirs and then a net flux of ions sets in from high 
concencentration to low concentration solution, see figure. If the pore is ion-selective, 
counterions will be attracted by the pore walls while co-ions will be rejected due to 
electrostatic interactions. This creates differences between co-ion and counter-ion 
fluxes, resulting in a net elenctric current2. In essence, the electrochemical potential drop 
estabilished between the two reservoirs is then converted in electric energy. The key 
factors that determine the performance of these devices are the nanopore and 
membrane characteristics such as ion-selectivity and electric resistance. In this work, we 
present an electrohydrodinamic numerical simulations based on Poisson-Nernst-
Planck-Stokes equations, solved by a in-house finite element code using Python FeniCS 
libraries. We analize the combined effect of different nanopore shapes and surface 
charge decorations on efficiency and power generation of a single nanopore. We show 
also how the cooperation between surface charge decorations and geometry can 
mitigate the ionic concentration polarization3, that is one of the main causes of the 
performance reduction. 
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An estimation of the generated thrust by a Solid State cold plasma 
thruster 

G.P. Vafakosa, P.K. Papadopoulosb, V. Papadimas, C. Doudesis and P. 
Svarnas 

The concept of plasma actuators is based on the exploitation of the “electric wind” 
that is developed between two electrodes, when one of them is biased with high volt-
age. Such devices that employ a dielectric surface to separate the electrodes are called 
Dielectric Barrier Discharge (DBD) actuators. They can produce stable cold atmos-
pheric plasma induced flow control1. 

In the present work we implement the residual charge model2, which describes the 
plasma-air interaction, in electrical charge-driven actuator applications. Using numeri-
cal algorithms that incorporate the electrodynamic and fluid dynamic equations, we 
simulate the evolution of the flow structures and investigate the plasma characteristics 
(Fig. 1). We compare the results with experimental data3 in order to ensure the validity 
of the residual charge model in atmospheric pressure actuators. 

Moreover, we examine the possibility of applying the aforementioned principle, on 
an air-breathing Solid State Propulsion (SSP) system. The goal is to accelerate plasma 
generated flow within a propulsive nozzle-shaped geometry, in order to generate siza-
ble amount of thrust. The application includes testing the different designs of dielec-
tric nozzle geometries, electrode configuration and plasma characteristics, to enhance 
the ionic wind-type actuation, while keeping low heat generation and energy require-
ments. 

Figure 1: (a) The plasma-induced flow jet as captured by the experiment (top) and 
numerical simulations (bottom), (b) The electrical potential field in the area near 
the electrode and dielectric. 
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Splitting and Branching Phenomena in the Electrospinning from a 
Polymeric Drop 

M. F. Afzaala, D. K. Rajaa and S. T. Thoroddsena

Electrohydrodynamic is the subject of immense interest among scientists owing to 
its broad range of applications in the field of micro- and nanotechnology. This study 
focuses on the mechanism of a secondary jet splitting and the branching phenomena 
in electrospinning. The experiments were filmed with two ultra-high-speed cameras in 
order to investigate jetting from a drop of polymer solution prepared by dissolving 
poly(ethylene oxide) (PEO) in a water-ethanol mixture. We observed the emanation of 
secondary jets (branched jets) from their primary counterpart for a large electric field.
To scrutinize the branching event1 and the intricate splitting, the experiments were 
conducted with stereo imaging up to 200,000 frames per second using higher 
magnification. The secondary jet first stretched, then ruptured and finally split into 
two subfilaments.  

A series of events demonstrating a secondary jet formation, the hole opening and 
rupturing, and jet splitting is depicted in Fig. 1a. The hole expands radially at a 
constant velocity, whereas the rupture time decreases drastically with the increase in 
electric field. The profiles of the hole expansion collapse into a single curve after 
rescaling with the hole radius r, indicating self-similarity (see Fig. 1b), which is intuitive
as the hole begins with a certain radius and propagates linearly as shown in Fig. 1c. 
The hole evolution, rupturing and splitting phenomena presented here may contradict 
the splitting criteria for electrified jets given by Paruchuri and Brenner2. We anticipate 
that the same mechanism of splitting should be applicable for the tertiary jets with the 
aim to reduce the fiber diameter to several orders or controlled jet splitting. 
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1 Reneker and Yarin, Polymer 49, 2387 (2008).
2 Paruchuri and Brenner, Phys. Rev. Lett. 98, 134502 (2007).

Figure 1: (a) The secondary jet formation with a hole propagation, rupturing and the splitting 
event. (b) Self-similarity in the hole evolution. (c) The radius of the hole as a function of time.  
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Rising electronic winds under liquid flows on graphite 

A. Marcottea, M. Lizeeb, B. Coquinotb, N. Kavokinec, K. Sobnathd,
C. Barraudd, A. Bhardwaje, R. Boyae, A. Niguèsb, L. Bocquetb and A. Siriab.

Fluid transport at the nanoscale is essentially an interfacial phenomenon governed by 
the interaction of fluid molecules with the solid surface. While the structure and 
chemistry of the solid-liquid interface are now well known to play a key role in the 
properties of nanoscale flows, the effect of the solid-state electronic properties of the 
interface has been broadly overlooked up to now. In this context, it has been reported 
that water flowing against the surface of carbon-based nanomaterials, such as carbon 
nanotubes or graphene sheets, induces a voltage in the material along the direction of 
the flow, but the exact mechanism at stake is still largely debated1.  

Here, we use a tuning fork-Atomic Force Microscope to deposit and put into 
oscillatory motion a micrometric droplet of viscous liquid on a graphite sample while 
recording the electrical current through the graphite flake. The droplet oscillations 
induce an alternating electrical current several orders of magnitude larger in amplitude 
than previously reported for water-salt solutions on graphite2. Our results suggest that 
the current generation originates from a peculiar momentum transfer mechanism 
between the molecules in the liquid and the charge carriers in the carbon walls 
mediated by phonon excitations in the solid3 and further boosted by the presence of 
surface wrinkles on the carbon surface. Our findings pave the way for the design of 
nanoscale carbon-based flow sensors or energy converters as well as for the active 
control of fluid transfer at the nanoscale by harnessing the complex interplay between 
collective excitations in the solid and the molecules in the fluid. 
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Electrophoretic trajectory of a non-uniformly charged particle in 
viscoelastic media 

Rajnandan Borthakura, Uddipta Ghosha 

Electrophoretic motion of a non-uniformly and non-axisymmetrically charged particle 
in a fluid obeying the Oldroyd-B constitutive relation is analysed in our work, in the 
limit of thin electrical double layers1. To this end, semi-analytical solutions for the 
particle’s linear and angular velocities are determined using a combination of singular 
and regular perturbation, coupled with the generalized reciprocal theorem2, assuming 
the viscoelastic effects to be subdominant within the EDL. We subsequently use the 
computed angular and the linear velocities to estimate the particle trajectory. As such, 
we take into account the fact that the non-uniform charge density on the particle 
surface leads to rotation, which dynamically alters its charge density, which in turn 
changes the translational as well as the angular velocities of the particle, thus creating 
an intricate feedback loop between the particle’s surface charge and its trajectory. Our 
analysis reveals that the particle velocity differs significantly in a viscoelastic medium 
as compared to Newtonian fluids, driven by the additional corrections to the velocity 
components because of the complex rheology of the fluid. We establish that the 
presence of non-uniform surface charge enhances the influence of the medium’s 
viscoelasticity on the particle’s mobility. Our analysis provides a theoretical framework 
to understand the dynamics of charged entities such as DNA or amphoteric molecules 
in biologically relevant fluidic media whose behaviour often closely resembles that of a 
viscoelastic fluid3.       
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Bubble dynamics and mass transfer on gas evolving electrodes 

Farzan Sepahia, Nakul Pandeb, Kai Leong Chonga, Guido Mulb, Roberto 
Verziccoa,d,e, Detlef Lohsea,c , Bastian T. Meib and Dominik Kruga 

Production of green hydrogen through water electrolysis is projected to be an 
important technology to cope with the volatile output from renewable power sources 
in the future energy mix. However, formation and evolution of gas bubbles on the 
electrode surface lower the efficiency of electrolyser systems by blocking active 
electrode area and increasing the cell resistance.1 On the other hand, the mixing 
induced by the departing bubbles enhances the mass transfer to and from the 
electrode surface which in turn benefits the process efficiency.2  

In this work,3 numerical simulations are employed to complement experimental 
observations of bubble evolution in water electrolysis. The gas-liquid interface is 
modeled employing an immersed boundary method. Even though such effects are 
typically neglected in related studies, we find that solutal-driven natural convection 
plays an important role in the evolution of the bubbles observed in the experiments. 
We further reveal that different convective patterns form depending on the current 
density and bubble spacing, which ultimately leads to distinctive growth or shrinkage 
behavior of the bubbles (Fig. 1a). Finally, we simulate the growth phase of the bubbles 
along with their departure from the electrode surface in order to study the mixing 
induced by these process (Fig. 1b). Our data enable us to quantify the net gas 
transport as well as the replenishment of fresh electrolyte near the electrode and to 
compare these results to current semi-empirical models. 
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3 Sepahi et al., Electrochim. Acta 403, 139616 (2022).

Figure 1:  Hydrogen supersaturation profile in the cell with a bubble residing on the electrode 

(a) and departing from the electrode (b). Vectors denote the velocity profile in the electrolyte
arisen from solutal-driven natural convection (a) and bubble motion (b).
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Interface Boundary Conditions for the Transfer of Flow Structures 
based on the Method of Characteristics 

B. Semlitscha

Interfacing information between flow simulations is relevant for several applications, 
especially if the flow character differs, but the correct flow structure transfer is essential 
for the realism of the results. For example, the hot flow structures from the gas turbine 
combustor are essential for the cooling arrangement in the consecutive turbine stage. 
The unified simulation would demand handling flow compressibility and combustion 
over the entire numerical domain. Splitting the investigated problem is computationally 
more efficient, where simplifying assumptions apply in the subdomains. 
Therefore, we present a boundary condition based on the method of characteristics, 
where the spatial and temporal description of the flow structures is represented via 
proper orthogonal modes. The leading proper orthogonal modes are considered to 
represent the coherent flow structures, while the higher-order modes can be used to 
obtain appropriate estimates for the transport variables of the turbulence model. 
The application of this boundary condition is exemplified on the problem of indirect 
combustion noise generation in a gas turbine. The unsteady combustor gasses are 
entrained into the turbine and accelerated at different speeds depending on their 
temperature. The proper orthogonal modes of combustor simulations are used to 
represent the process of entropy noise production and propagated through a high-
pressure turbine stage. Centrifugal forces and buoyancy alter the flow path of the cold 
and hot streaks passing through the vane and blade passages and redistribute the 
entropy structures. The pressure drop over the particular blade row and the speed of 
the rotor are essential factors.  

a
 Institute for Energy Systems and Thermodynamics, TU Wien, Getreidemarkt 9, 1060 Vienna, 

AUSTRIA 

Figure 1. Two snapshots of the temperature iso-surfaces illustrate the propagation of 
hot streaks imposed at the inlet through the turbine stage, where the cyan and the 
black colours represent hot and cold temperatures, respectively. 
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Effects of an Unsteady Aerodynamics Model in a 
High-Fidelity Fluid-Structure Interaction Solver  

for Horizontal Axis Wind Turbines
G. Della Postaa, S. Leonardib and M. Bernardinia

Increasingly large Horizontal Axis Wind Turbines (HAWTs) are exposed more and 
more to significant sources of unsteadiness, such as tower shadowing, yawed or waked 
conditions, and environmental effects. As a result, the widespread practice of using 
static tabulated airfoil coefficients to determine the airloads along long blades can be 
questioned in those numerical fluid models that do not have the sufficient resolution 
to solve explicitly the flow close to the blade. Various models describe unsteady 
aerodynamics (UA), but they have been mainly implemented in low-fidelity models 
which lack the complete capability of describing the complex nature of wind energy.  

In this work, we implement a 2D UA model in the sectional estimation of the 
airloads in the Actuator Line Model1 of our 3D Large Eddy Simulation framework. At 
each section along the actuator lines, a classic semi-empirical model2 includes the 
effects of noncirculatory terms, unsteady trailing edge separation, and dynamic stall in 
the dynamic evaluation of the aerodynamic coefficients of the airfoils. We examine 
different inflow conditions and aeroelastic behaviours by means of our in-house high-
fidelity Fluid-Structure Interaction computational solver,3 which allows us to also 
consider the two-way coupling between the structural dynamics of the blades and the 
local aerodynamic loads. The aerodynamic (Figure 1) and aeroelastic response of a 
reference utility-scale HAWT is examined in detail to provide a deeper insight into the 
unsteady characterisation of large HAWTs and to assess the contribution of the UA 
model to a complete high-fidelity computational model. 

a
Dep. Mech. and Aerospace Eng., Sapienza University of Rome, 00184, Roma IT

b
Dep. Mech. Eng., The University of Texas at Dallas, Richardson, TX 75080, USA 

1 Sorensen and Shen, J. Fluids Eng., 124 (2), 393 (2002).
2 Leishman and Beddoes, J. Am. Helicopter Soc. 34(3), 3 (1989).
3 Della Posta et al., Renew Energy, (accepted) (2022).

Figure 1: Phase-averaged (counterclockwise rotor angle in colorbar, tower at Θ=270°) 
and instantaneous out-of-plane airload at a root section: (a) classic ALM (b) ALM + UA. 
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Ice Particle Skimming in Aircraft Icing 

E. M. Jolleya and F. T. Smitha

As an air vehicle flies through cloud at temperatures below freezing, it encounters 
ice particles and supercooled droplets which result in the accretion of ice onto the 
vehicle surfaces and hence deformation of its aerodynamic shape. This can, in worst 
cases, cause serious accidents1. The study of the dynamics of such particles is thus 
essential to developing effective icing protection systems. In the work presented here, 
we focus on tackling the situation where there is a thin layer of water on the aircraft 
surface (as can happen in icing scenarios) and the particles are similarly thin and 
interact with the water layer. The technique which has allowed us to make significant 
headway with this problem has been to study surface fluid layers of arbitrary density 
(hence including fluids with density similar to that of the air), which however can then 
be used to study the water case by taking the layer fluid density to be approximately 
one thousand times that of the air. As well as aiding progress with the water case, this 
model has the significant benefit of being more general and thus applicable to a wider 
range of scenarios. Under suitable assumptions (including that the body and the layer 
are thin, that the Reynolds and Froude numbers are large, and that the body is much 
denser than the air) the model allows the forces on the body to be calculated for a 
given body position and hence for the motion of the particle to be computed in full. 
The result is a wide range of possible motions of the particle, including both ‘sink’ 
cases (the particle enters the water and becomes submerged) and ‘skim’ cases (where 
the particle is launched back off the surface of the water following contact). The latter 
case has analogy with ‘stone skimming/skipping’ games found around the world. 

Figure 1: Numerical results showing a body skimming along a water layer. A jet is produced 
in front of the contact point. The density ratio between the fluids was taken as 1000. 

a
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1 Gent et al, Philos Trans R Soc Lond Ser A: Math Phys Eng Sci (2000) 
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Entrance of a confined jet into a duct: model study of inflow into 
an abandoned mine channel-type reservoir for hydropower 

C. Sabarnya, and C.H. Brueckerb

In conventional Pumped Storage Hydropower Systems (PSH), the tailwater reservoir 
is typically a large cavity in mountain areas at huge height difference to the headwater. 
Flow is going from the outlet of the turbine duct into a diffusor-type channel, which 
ends into the tailwater reservoir with large expansion ratio. Recently, the cavities of 
abandoned mines were considered as reservoirs for underground pumped storage 
hydropower systems (UPSH), e.g. as in the hardcoal mine of Prosper-Haniel in 
Germany for a closed-loop UPSH1. Such underground mines have the form of long 
ducts (shafts and drifts). As a consequence, the inflow into the tailwater is confined, 
which could lead to reflecting pressure waves, sloshing effects and fluctuating loads 
near the inlet. A model study is carried out with a 90° angled inflow into a symmetrical 
duct (tube diameter D=30mm, rectangular T-junction H=50x50mm2) to investigate 
the entrance effect of the jet at Re=10.000. Measurements of the flow field in the 
transparent model with the method of Time-Resolved Particle Image Velocimetry 
(TR-PIV) document a highly fluctuating flow field with dynamical separation 
processes and meandering secondary vortical structures. These processes also cause 
pressure fluctuations that reflect back to the outlet of the turbine. Optimization of the 
inlet geometry is required to reduce such effects in confined tailwater reservoirs. 

a
Dep. Mineral Resources Engineering, RWTH, Wuellnerstrasse 2, Aachen, GERMANY 

b
School of Math. Comp. Sci. Eng. City, Univ. of London, 10 Northampton Square, London, UK 

1 Alvarado, R.; Niemann, A. Underground Pumped-Storage Hydroelectricity Using Existing Coal 
Mining Infrastructure. In Proceedings of the 36th IAHR World Congress, The Hague, The 
Netherlands, 28 June–3 July 2015; pp. 1–8.  

Figure 1: PIV fields and contours of constant out-of-plane vorticity in the T-Junction. 
Left: frontal view, right: cross-sectional view at 1D away from the centre. 
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The challenges in the implementation of CFD and ML models in 
industrial engineering flows 

P. Papavasileioua,b, E. D. Koronakib,c, G. Pozzettid, M. Kathreind,
C. Czettle, A. G. Boudouvisb, S. P. A. Bordasa

Computational Fluid Dynamics (CFD) models are widely used for engineering 
flows, either for research or production purposes. However, such models don’t come 
without limitations, especially when computational cost comes into play. In recent 
years, machine learning (ML) algorithms have gained popularity in engineering, 
especially where sufficient data exist – or where sufficient data can be artificially 
produced1. The advantages and limitations of CFD modeling and ML approaches for 
an industrial-scale Chemical Vapor Deposition (CVD) reactor2 are discussed.  

The studied CVD reactor presents significant challenges as it consists of 40 to 50 
perforated disks, stacked one on top of the other around a central rotating inlet tube. 
The goal is to evenly deposit a coating on cutting tool inserts that are placed on each 
disk, by a mixture of gas reactants entering through the carefully placed perforations 
of the rotating tube. All these elements translate into a highly complex reactor 
geometry. The variety of different inserts that are coated based on production 
requirements also leads to day-to-day variations to the overall reactor geometry. 

The proposed CFD model accounts for mass, momentum and species transport 
inside the reactor, while also considering a reaction scheme to capture the film 
deposition. This motivates further investigation into the interplay of the species 
diffusion with reaction kinetics that help identify the rate-limiting step. The challenges 
in development and implementation involve identifying and implementing an 
appropriate chemistry model and addressing efficiently the complex three-dimensional 
geometry with rotating elements. 

The developed ML models are based on production data. They take various 
parameters of each production run as input, including but not limited to the overall 
geometry, chemical recipe used and surface area of the coated inserts. Tree-based 
regression methods appear to outperform other ML methods for the dataset at hand, 
while also allowing for higher interpretability. The challenges involved with the 
development of these models include the high computational cost of hyperparameter 
tuning and the correlation of model performance to the amount of available data. 

a
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b
School of Chemical Engineering, National Technical University of Athens, 15780, Greece 

c
Interdiscip. Centre for Security, Reliability and Trust (SnT), U. of Luxembourg, L2721 Luxembourg. 

d
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1 Spencer et al, Comput. Chem. Eng. 149, 107289 (2021)
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Wind plants influenced by Coriolis 

N. Franka, E. Negrettib, M. Obligadob and R. B. Cala

As wind farm footprints grow larger, understanding the interactions between 
mesoscale physical phenomena, such as Earth's rotation, and large-scale farm wakes 
become increasingly important. Current field research notes spatial and temporal 
influences on the global farm wakes caused by Coriolis forces. However, using field 
experiments to study this is notoriously difficult as there is additional influence from 
wind veer in the atmospheric boundary layer caused by many factors ranging from 
terrain to the diurnal cycles. Although numerical simulations and field experiments 
have explored these effects, there is a lack of scaled experiments. Therefore, 
experiments are performed on a wind farm under the influence of Coriolis forces.  A 
wind farm is installed in the Coriolis platform at Laboratoire des Écoulements 
Géophysiques et Industriels. The rotating platform is 13m in diameter and can be 
filled with water up to 1-meter height. The aim is to isolate the Coriolis influence on 
the wind farm wakes. The wakes are measured using large-scale particle image 
velocimetry. A streamwise-transverse plane covering the entire wind plant is 
measured. The wind plant is composed of a 4 x 3 array of turbines. The deflection of 
the wakes as a function of turbine location is quantified. These effects are shown to 
vary radially and as a function downstream position. The local and global effects are 
described through the first and second order statistics. A contour of the streamwise 
mean velocity is shown in figure 1. The scaled experiments will contribute to a more 
comprehensive understanding of the efficiencies and modeling of large-scale wind 
farms. 

a
Dep. Mechanical and Materials Engineering, Portland State University, Portland, OR, USA 

b Laboratoire des Écoulements Géophysiques et Industriels, Universite Grenoble-Alpes, Grenoble, 
France 

Figure 1: Contour of streamwise mean velocity. 
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PIV measurements of gas convection in crystal growth processes 

I. Tsiapkinisa, A. Enders-Seidlitza and K. Dadzisa

Materials for various electronical and technological applications are produced in high-
temperature crystal growth furnaces involving multiple media and phases. The flow in 
the gas phase plays an essential role in the growth process since dopants, impurities or 
particles are often transported and distributed by this flow1. However, the general 
understanding of typical gas flow patterns in crystal growth furnaces still shows many 
open questions, and measurement data for the validation of numerical models is 
practically non-existent. 

Model experiment setups to investigate the physical phenomena in crystal growth 
processes enable new possibilities for in-situ measurements2. A new approach to study 
the gas flow in crystal growth processes has recently been presented2 using a transparent 
model fluid at ambient temperature. In this contribution, we examine a model 
experiment for the Czochralski crystal growth process (see Fig. 1) in air atmosphere 
with a crucible temperature of up to 232°C focusing on the buoyancy-driven flow. We 
measure the gas flow velocity field with 2D2C Particle Image Velocimetry (PIV), which 
enables the investigation of a large region with sufficient spatial resolution3. The imaging 
system consists of a pulsed continuous-wave laser and a double-frame PIV as well as a 
high-speed camera, with both liquid and solid seeding particles, depending on the 
operating temperature.  We discuss the results of several experimental studies, evaluate 
the experimental uncertainties, and develop validation strategies for numerical models. 

Figure 1: PIV Setup for gas flow measurement in the model experiment. Left: photo of the setup 
(zoom-in showing the image region as seen by the camera). Right: mean flow velocity field 
evaluated from 1000 images (640x480 pixels, 200 fps) using spatial image correlation analysis. 
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1 Kakimoto et al., In: Handbook of Crystal Growth, 2nd Edition, Elsevier, p. 845 (2015). 
2 Dadzis et al., Crystal Research and Technology. 55, 1900096 (2020).
3 Raffel et al., Particle Image Velocimetry, Springer (2018). 
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Fluid dynamics of aqueous lignin mixtures at hydrothermal 
liquefaction conditions using uncertainty quantification tools 

A. Dinis Nunesa, José Sierra-Pallaresb and R. Jason Hearsta

A fluid dynamics model of a nozzle reactor mixing hot compressed water and aqueous 
lignin mixtures at hydrothermal conditions was developed using a semi-empiric 
approach to determine thermophysical properties. A low-Reynolds number k-ε 
turbulence model was implemented, modified to include the non-Newtonian 
behaviour of the fluid and a novel uncertainty quantification framework to account 
for the extreme variability of the raw material. The thermophysical model1 can reliably 
determine up to 50% mass fractions, the properties of two lignin mixtures: black 
liquor and lignosulfonates. Temperature profiles along the reactor are similar for both 
fluids, with a maximum between 550-625K, depending on operating conditions. 
Heating rates reach a maximum of 700K/s for lignosulfonates and 500K/s for black 
liquor, with the profile shape significantly differing between fluids. Heat capacity and 
zero-shear viscosity uncertainty contribute to temperature profile variability and 
overall viscosity uncertainty to residence time distribution (RTD) uncertainty. For 
heating rates, all uncertain parameters except thermal conductivity contribute to delay, 
with the contribution of each parameter to uncertainty varying with operating 
conditions. Unlike the previous study with an idealised flow model, high flow rates do 
not suppress the effect of fluid properties on RTD uncertainty. The damping effect 
on turbulence caused by the non-Newtonian behaviour of the lignin mixture is likely 
responsible for the higher contribution of the fluid's properties on the results. The 
RTD shape varies drastically for lignosulfonate cases with equal hot to cold flow and 
high Reynolds. The developed model allows studying the effects of geometry and 
operating conditions on crucial quantities of interest for reaction engineering by 
combining first-principles in thermophysical modelling, rigorous flow simulations, and 
a novel uncertainty quantification procedure for the first time. 

a
Dep. of Energy and Processing Engineering, Norwegian University of Science and Technology, 

Kolbjørn Hejes v 1B, NO-7491 Trondheim, Norway
b

Dep. of Energy Engineering and Fluid Mechanics, University of Valladolid, Paseo del Cauce, 59, 
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1 Nunes et al., arXiv:2201.04882 (2022).

Figure 1: Segregation intensity contour and one-dimensional solid concentration plots for the 
marked sections in the reactor. 
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Slender filament in viscosity gradients: 
drag, orientation, drift, control 

C. Kamala, E. Laugaa

Some bacteria, such as Leptospira interrogans and Spiroplasma, are known to control
their motion in fluids with spatially-varying viscosity gradients. Here, as a model 
system, we explore the effect of a viscosity gradient on the motion of a filament 
settling under the action of gravity. In a fluid with uniform viscosity, a rigid filament 

sediment in Stokes flow with a fixed drift orientation angle  (see sketch) that 
depends on the filament orientation (measured from the direction of the gravitational 

force) . The maximum drift angle is max  -19.5, obtained for  c  -54.7. To 
determine the leading effects of a viscosity gradient, we first derive a modified 
resistive-force theory (RFT) for a slender body subject to flow in a fluid with a 
viscosity gradient field with constant gradient. In our calculation, the spatial change in 
viscosity is assumed to be small with respect to the spatial deviation of the filament 
but large with respect to the aspect ratio of the filament. Our modified RFT allow us 
to estimate the leading corrections to the resistance coefficients for the filament due 
to the viscosity gradient. In turn, these resistance coefficients are used to predict the 
orientation and drift of the settling filament. We show that the leading effect of the 
viscosity gradient on the settling filament is to create a new rigid body rotation that 

acts in the  direction (i.e., between gravity and longitudinal direction of the filament). 
If the viscosity gradient is in the opposite direction to the gravitational field, we show 
that the filament rotates to a new stable orientation and drifts with a fixed angle; 
otherwise, the filament always aligns in the direction of the gravitational field with 
time. Therefore, the orientation and drift of settling filaments can be tuned by varying 
the viscosity gradient, suggesting a new way to control the orientation and drift of a 
settling filament. 
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Mixing by stirring: Optimizing shapes and strategies 
M. F. Eggla, P. J. Schmidb 

Mixing binary fluids by stirring is a ubiquitous process in a wide range of industrial 

applications. The food processing, pharmaceutical and consumer product industries are 

dominated by mixing processes, and enhancing mixing efficiency for these applications, 

even by a very modest amount, would translate into considerable savings and benefits. 

We have introduced a framework to study, understand and optimize the mixing of 

binary fluids using an adjoint-based nonlinear optimization scheme to minimize the 

mix-norm of a passive scalar. Nonlinear adjoint looping is a method that allows us to

efficiently compute the gradient information necessary to optimize the large set of

control variables available to the stirring protocol. The mixing itself is accomplished by

embedded cylindrical stirrers, either fixed rotating or moving on concentric circular

paths inside a circular container. The fluid-structure interactions are dealt with in a

Brinkman penalization fashion and solved numerically in a Fortran 90 pseudospectral

code based on the FLuSI package. Having previously considered the successful separate

optimization of stirrer velocity and shape, we will present results that combine these

control parameters under different Reynolds and Peclet numbers to achieve better

mixing. Two separate optimization regimes will be considered and discussed: (i)

sequential optimization (i.e., first the shape, then the velocity) and (ii) simultaneous

optimization. The fundamental differences between these regimes will be discussed;

however, both cases enhance mixing efficiency by taking advantage of complex vortex

interactions generated by the optimized stirrers. The current theoretical background and

numerical implementation will be presented, and further extensions of the mathematical

formalism, physical setup and future optimization studies will also be discussed.

a Institute of Physiological Chemistry, Johannes Gutenberg University, Mainz, Germany 
b Department of Mechanical Engineering, KAUST,  Thuwal, Makkah, Saudi Arabia  

FIG. 1: Comparison of final snapshots at the end of the optimization horizon 

visualized by the passive scalar: (a) unoptimized base case, (b) area-preserving shape optimization of 

stirrers’ cross-sections, (c) path-velocity optimization of the shape-modified 

stirrers along circular paths, (d) composite optimization of cross-sectional shapes and path-velocities. 
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Flow-induced choking of a soft Hele-Shaw cell 

D. Pihler-Puzovica, G. G. Pengb, F. Boxa, C. Cuttlec, A. Juela and C.
MacMinnc

We study a lubrication flow in a narrow gap between a rigid wall and a soft confined 
elastomer, i.e. a soft Hele-Shaw cell. We show, using experiments and mathematical 
modelling, that above a critical flux, the flow-induced deformation in the soft Hele-
Shaw cell blocks the outflow, interrupting (choking) the flow. In particular, the 
pressure distribution within the fluid applies a spatially variant normal force to the soft 
boundary, resulting in deformation of the elastomer. As a consequence of lateral 
confinement and incompressibility of the soft material, this flow-induced elastic 
deformation manifests as bulging near the cell outflow; bulges that come into contact 
with the rigid cell roof interrupt the flow1. If the flow is driven by injection of a gas 
bubble, the advancing bubble meniscus is also susceptible to the viscous fingering 
instability. We demonstrate that, depending on the finger morphology, the instability 
can either promote or suppress the choking in experiments compared with analogous 
axisymmetric simulations at the same control parameters2.  
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1 Box et al., PNAS 48, 30228 (2020).
2 Peng et al., under review (2022).

Figure 1: Top view of an injected gas bubble displacing viscous liquid in the narrow 
gap between a glass plate and a confined slab of elastomer, a soft Hele-Shaw cell. 
Indicated times are measured from the start of the gas injection. The liquid is dyed 
blue, so darker color indicates a thicker layer of liquid. Flow-induced deformation of 
the elastomer leads to contact between the soft slab and the glass plate in the vicinity 
of the cell rim (visible as a white band encircling the cell), choking it and trapping the 
viscous fingers within the cell. 
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Deformation of a flexible fiber settling against obstacles in a 
viscous fluid 

U. Makangaa, 2nd C. Duprata, and 3rd B. Delmottea

The motion of flexible fibers often happens in complex media that are structured by 
obstacles, examples range from delivering drugs to tumor regions to papermaking 
process1. For large number of such problems, the dynamic of the fibers result from 
complex interplay between internal elastic stresses, contact forces and hydrodynamic 
interactions with the walls and obstacles. Understanding how flexible fibers behave in 
a viscous flow embedded with obstacles is essential for the study of biological 
mechanisms and the design of industrial systems. Using a combination of numerical 
simulations and experiments, we analyze the dynamic of a flexible fiber settling in a 
viscous flow embedded with an obstacle. We identify two main effects of the obstacle 
shape on the dynamic of the fiber : Firstly the “gliding event”, characterized by a short 
trapping period around the obstacle followed by a drift motion, where the fiber 
reorients toward its equilibrium configuration (see Fig. 1(c-d)). For the latter, we 
perform a multiple-scale analysis2 for weakly flexible fibers to derive analytically an 
expression of the lateral drift, which is found to be in good agreement with our 
numerical results. Secondly the “trapping event”, characterized by a prolonged 
trapping period around the obstacle (see Fig. 1(a-b)). An energy budget is used to 
show that, the latter is mainly due to balance between gravitational forces, internal 
elastic forces and short-range steric interactions, rather than hydrodynamic 
interactions.  

Figure 1: Numerical and experimental chronophotographies of a flexible fiber settling againt a 

rigid obstacle in a viscous fluid. The gray fibers (a) and (c) denote the numerical simulations 
and the black ones (b) and (d), the experiments. (a-b) “Trapping event”. (b-d) “Gliding event”. 

a
LadHyX, CNRS, Ecole Polytechnique, Institut Polytechnique de Paris, 91128, Palaiseau, France 

1 Lundell et al., Annual Review of Fluid Mechanics, 43, 195-217, (2011).
2  Li et al., Journal of Fluid Mechanics, 735, 705-736, (2013).
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Cavitation bubble induced wall shear stress at an elastic structure 

Hendrik Reesea, Siew-Wan Ohla and Claus-Dieter Ohla 

Cavitation bubbles created near a rigid boundary are known to violently collapse and 
create jet flows onto the boundary. The thereby produced strong flows, water hammer 
pressure and shock waves are associated with erosion of even tough surfaces like ship 
propellers. In the application of ultrasound baths the created shear stress is used for 
surface cleaning. Despite great academic interest in bubble dynamics near a surface, 
the hereby created wall shear stress is difficult to measure and the erosion and 
cleaning mechanisms are still not fully understood. We present a study of the fluid-
structure interaction between a single submillimeter sized bubble in water near an 
elastic structure, with focus on the stresses produced during the first oscillation cycle 
of the bubble. For this we developed a novel numerical solver in OpenFOAM by 
combining an existing fluid-structure interaction solver, which couples a linear elastic 
solid with an incompressible viscous fluid, with a compressible, viscous multi-
component solver with phase fraction interface modeling. Numerical simulations are 
directly compared to experimental high-speed recordings of a laser-induced bubble 
near a photopolymer resin structure with particles to track the deformation. Multiple 
geometries are studied, including a plane elastic sheet, a cylindrical pillar and a 
cylindrical ring. The influence of the material elasticity on the bubble dynamics is 
examined. The dependence of the bubble dynamics and produced stresses on the 
stand-off distance is studied. 

Figure 1: Jet onto an elastic sheet created by a collapsing bubble, E = 20 MPa, phase fraction 
field alpha and Deformation of the elastic solid (left), fluid velocity and wall shear stress (right) 
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Buckling of a monolayer of plate-like particles trapped at a fluid-
fluid interface  

S. Senthil Kumara, H. Perrina and L. Bottoa

We investigate experimentally the deformation mechanics of monolayers of rigid plates 
trapped by capillary forces at an air-liquid or liquid-liquid interface. This study is 
motivated by the need to understand the compression of 2D nanoparticles (e.g., 
graphene) at a fluid-fluid interface, the stability of Pickering emulsions and the 
fundamental differences between spherical particles and plates in these applications as 
anisotropic particles exhibit different capillary interactions1. To investigate when the 
particle-laden interface buckles, and to study the wavelength of buckling and the force 
required for compression, we carry out experiments using a one-dimensional chain of 

flat rigid plates of length 𝐿 compressed by a moving barrier with an assigned 
displacement (Fig 1a). The main observations are: i) a critical buckling force and a 
characteristic post-buckling wavelength of about 2 particle lengths (different from 
spheres2); ii) the buckling wavelength is independent of the particle Bond number and 
the particle length; iii) the existence of gravity-dominated and surface-tension-

dominated regimes in which the buckling force (𝐹𝑏) scales as 𝐿3 and 𝐿1, respectively.
To explain these observation, we develop a mathematical model by considering the 
capillary forces and torques acting on each particle, the particle weight and buoyancy 
forces. Good agreement between the theory and the experiments is found (Fig 1b). Our 
observations show that an interfacial monolayer of rigid plates does not have a bending 
rigidity, unlike a monolayer of spheres2,3. Implications for jamming and wrinkling of 2D 
monolayers of thin rigid disks trapped at a fluid interface (Fig 1c) are discussed. 

Figure 1: a) Schematic of buckled monolayer of a 1D chain of plate-like particles. b) 
Experimental data compared with theoretical prediction for square particles (red) and rectangular 
particles (blue) where the width is kept constant. c) Buckled 2D monolayer of hexagonal plate-
like particles with a wavelength of 2 particle lengths.   
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1 Botto et al, Soft matter. 8, 9957 (2012).
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3 Kralchevsky et al, Langmuir. 21, 50 (2005).

404



3D flow field measurements in the wake of a 
tethered sphere crossing the onset of VIV 

D. Kovaleva, L. Eshbala, R. van Houta

Structural and 3D wake flow dynamics of a heavy, tethered sphere (diameter D ) were
measured under steady and transient upstream flow conditions, using tomographic 
Particle Image Velocimetry (tomo-PIV). The latter conditions were imposed by 

stepwise increasing the reduced velocity, ( )*   / NU f DU = , from 2.2 to 4.5 thereby 

crossing the onset of vortex induced vibrations (VIV). Here, U is the free-stream

velocity, and Nf is the natural frequency of the tethered sphere. For all steady

upstream flow cases, unsteady vortex shedding was observed. Prior to VIV ( *U  = 1.9,
3.2), shed hairpin vortices exhibited a symmetry plane parallel to gravity. Induced 

vortices (3 < *U  < 4) were identified to be important in reaching “lock-in”. Beyond

the onset of VIV, in the lock-in region ( *U  = 4.5, 7.2), hairpins exhibited a symmetry
plane perpendicular to gravity hence providing the transverse forcing sustaining VIV. 
The detailed timeline of the changing wake flow upon crossing the onset of VIV 
quantified by the instantaneous velocity deficit centroid positions and hairpin 

symmetry plane orientations, indicated that preferential vortex shedding ( *U  < 4) was

lost and the wake “sampled” all possible azimuthal angles. After reaching *U = 4.5, 
flow-structure interaction caused reorganization of flow field and sphere dynamics, 

ultimately (after some delay) reaching the one measured for *U = 4.5 under steady
conditions. Within the lock-in region, transverse sphere oscillation amplitudes were 

highest at *U = 7.2 and results indicated that two double hairpins were shed per

oscillation period, contrary to *U  = 4.5 for which two single hairpins were shed.
Associated maximum instantaneous values of the vortex force coefficient were 

calculated and were highest for *U  = 7.2.

Fig 1: Vortex shedding at 
*U  = 4.5
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Fluid-structure dynamics of cantilever biological shells 

M. D. de Tullioa, J. Wanga, A. Nittia

The deflection of thin elastic bodies bent by hydrodynamic loads provides a proof-
of-concept for several engineering and biologic scenarios such as the reconfiguration 
of aquatic plants, the energy storage within flapping wings, the design of efficient bio-
inspired actuators. 

Many biological appendages are known to provide enhanced stiffness by adapting 
their geometrical configuration to carry large transversal loads with minimal volume. 
The curvature-related stiffening is a mechanism actuated by any living organism as 
morphological response to a large loading condition. This typically arises in riverbed 
vegetation when growing against gravity to capture light from the shallow water. A 
curved cross-flow profile allows certain seaweeds to reach significant height without 
incurring in large deflections1. 

The objective of the present work is to shed light on the reconfiguration dynamics 
of thin curved shells subjected to an incompressible flow, considering the three-
dimensional deformation fields arising from a snap-through motion, with 
consequently nontrivial hydrodynamic interactions.  

To this purpose, a high-fidelity, multiphysics computational tool will be employed, 
based on a Direct Numerical Simulations (DNS) flow solver and an Isogeometric 
Analysis (IGA) formulation for the structural problem2. The solid-to-fluid interface is 
enforced with a direct-forcing Immersed Boundary (IB) method. 

Simulations will take into account the initial curvature, aspect ratio, material 
properties and hydrodynamic loading, providing the design space bounds for building 
thin-walled bio-inspired devices, such as deployable architectural appendages, flapping 
energy harvester, or flexible wings for micro vehicles. 

a
Dep. Mechanics Mathematics and Management, Polytechnic University of Bari 

1 Gosselin, J. Exp. Bot., 70(14), 3533-3548 (2019) 
2 Nitti, Kiendl, Reali, de Tullio, Comput. Methods Appl. Mech. Eng., 364, 112977 (2020)
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Experimental study of the fluid-structure interaction mechanisms 
of freely falling cylinders

M. Lorite-Díeza,b, P. Ernb, S.Cazinb, J. Mougelb and R. Bourguetb.

The fluid-structure interaction problem corresponding to a circular cylinder falling 
under the effect of buoyancy in water at rest has been investigated experimentally. 
Cylinders having different diameters and lengths have been considered to explore the 
different behaviours of the coupled fluid-body system. Our aim is to capture 
simultaneously both solid and fluid dynamics, and to investigate their interaction. In 
this regard, 4 high-speed cameras imaging a laser-illuminated large volume allow us to 
perform 3D tomographic reconstruction of the cylinder and 3D-Particle Tracking 
Velocimetry (using Shake-The-Box algorithm) of the surrounding fluid for the same 
image sets. Starting from rectilinear regime, consisting in a rectilinear vertical fall with 
absence of significant oscillations and a steady wake, falling cylinders can feature 
either periodic rigid-body motions (RBM) of weak amplitude or periodic large-
amplitude bending oscillations (BO), mainly, in the horizontal direction. In the case of 
RBM, on the one hand, we have found a TRA regime that corresponds to a vertical 
fall with a rigid-body oscillation of the cylinder in a plane perpendicular to its 
symmetry axis. The associated wake is unsteady and composed of well-defined 
symmetric vortical structures. On the other hand, in the AZI regime, the cylinder 
features an azimuthal horizontal oscillation around its centre with the ends moving in 
opposite directions. The associated unsteady wake is mainly composed of curved, 
asymmetrical spanwise vortices, presenting an antisymmetrical distribution of vorticity 
on the cylinder. For sufficiently long cylinders, BO regimes emerge, featuring periodic 
solid deformations resembling the structural modes for an unsupported beam. The 
associated wake presents a cellular structure, being the cells delimited by the 
horizontal deformation nodes. For both RBM and BO responses, the spatio-temporal 
analysis of the body behaviour and wake revealed fluid-body synchronization, being 
the body motion and flow unsteadiness both temporally and spatially locked.  

a
Instituto de Investigación del Sistema Tierra En Andalucía (IISTA), Universidad de Granada, Spain

b
Institut de Mécanique des Fluides de Toulouse (IMFT), Université de Toulouse and CNRS, France 

Figure 1: Wake topology corresponding to one of BO regimes (first structural mode). The 

vortices are presented by iso-surfaces of λ2 coloured by spanwise vorticity. 
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Tunable deformation of kirigami structures in a flow 

T. Marzina, K. Le Haya, E. de Langrea and S. Ramananarivoa

Kirigami consists in cutting a planar sheet with a network of predefined slits. The 
slits enable the material that remains to either rotate in plane, or buckle out of plane, 
morphing the sheet into arbitrarily complex three-dimensional geometries. Kirigami 
has emerged as a versatile manufacturing process to produce targeted shape 
transformation, but also to craft mechanical properties such as extreme stretchability1. 
From the point of view of fluid/structure interaction, this novel design space offers 
exciting opportunities to control and program the behaviour of deformable surfaces 
subjected to flows. 

 We study here the deformation of kirigami sheets in a water flow2. A specificity of 
such structure is that stretching occurs through significant opening up of the material, 
which allows fluid to flow through it. It thus act as an adaptive poro-elastic surface: 
the cross-flow deforms the clamped kirigami and opens pores, which in turn alters the 
fluid loading (Fig.1a). We characterize experimentally and theoretically the relation 
between the cut geometry, and the resulting shape transformation. Importantly, 
kirigami cuttings also produce a three-dimensional mesostructure through out-of-
plane buckling of the remaining material. From a fluid-mechanics viewpoint, it offers 
a lever to control the directionality of local fluid force induced by interstitial flows in 
each pore (Fig.1b). We show that macroscopic morphing is dictated by interactions 
with fluid at the scale of those individual pores, whose geometry changes in turn with 
the sheet elongation. Understanding those multi-scale couplings provides a novel way 
to design and tune shape-shifting in flows through the reverse-engineering of cut 
motifs. 

a
LadHyX, Dep. Mechanics, Ecole Polytechnique, Institut polytechnique de Paris, France. 

1 Callens and Zadpoor, Mater. Today 21(3), 241 (2018).
2 Marzin et al., Phys. Rev. Fluids 7, 023906 (2022).

Figure 1: (a) Deployment of a kirigami sheet in a water crossflow. (b) The tilting of buckled 

units (outlined in black) induces tangential fluid forces, resulting in asymmetric or symmetric 
profiles prescribed by the buckling direction. 
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Flow-induced snapping of a bi-stable Origami unit 
Rishabh Naina, Tom Marzina and Sophie Ramananarivoa

Flexible structures deform in a flow, which alters fluid loading. Plants notably adopt 
this strategy by bending in a wind to avoid uprooting and breaking1. While flexible 
structures are more versatile and adaptable than rigid ones, they are also more difficult 
to control. Understanding their interaction with flows is thus key to control their 
deployment or regulate fluid loading.  

 Recently, Origami (Japanese art of paper folding) has emerged as an engineering 
technique providing advantages over conventional structures. Introducing folds to a 
structure leads to new deformation pathways, causes large shape changes, gives rise to 
multistability2, and allows to tune mechanical properties3. Multistability piques our 
interest as it allows rapid shapeshifting in response to small force/energy input. When 
subjected to a flow it shows abrupt changes in fluid loading. 

We studied an umbrella-like bi-stable structure with one degree of freedom called 
Waterbomb unit. Starting from an initial configuration with a concave side facing the 
flow, on increasing axial flow speed it opens becomes flat and snaps to another stable 
state where it further closes (see Fig.1). We performed experiments in a wind tunnel to 
characterize the unit’s dynamics in an air flow and its effect on the drag while changing 
its various geometrical and elastic properties. The balance between fluid loading and 
elastic deformation governs the dynamics which is interpreted by the Cauchy number 
(Cy). The experiments were corroborated by a theoretical model.

We further exploited this bistability to make a flow regulator which allowed us to 
control the pressure drop in a pipe as a function of flow rate.  Depending on the amount 
of cross-sectional pipe area blocked (blockage ratio) by the unit it can be used to control 
the flow rate or acts as a fuse. Fine-tuning of the unit’s parameters allowed us to control 
pressure jump and critical flow rate for snapping.  

a
LadHyX, Ecole Polytechnique, Rte de Saclay, 91120 Palaiseau, France. 

1 de Langre et al., J. Fluid Mech. 650, 319 (2010).
2 Waitukaitis et al., Phys. Rev. Lett. 114, 055503 (2015).
3 Li et al., Adv. Mater. 18, 05282 (2018).

Figure 1: Dynamics of the Waterbomb unit in air flow. a) side view b) front view. 
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Reconfiguration of an elastic structure with side flaps 
under translation 

M. Songa, J. Hama, and D. Kima

The arms of a crinoid have unique feather-like shape and can be manipulated for 
various functions such as swimming, crawling, and filter feeding. Motivated by the 
unique arm structure of the crinoid and its kinematics during swimming, the shape 
reconfiguration of a feather-like elastic structure under steady translational motion 
interacting with quiescent fluid is investigated. The feather-like structure consists of a 
centre rod and numerous side flaps elastically attached to the centre rod which 
represents the shaft and bards of a feather, respectively. Following the characteristic of 
the crinoid arms where pinnules (barbs) are able to fold, which leads to dramatic 
change in its area between power and recovery strokes, the elastic hinge connecting 
the side flaps to the centre rod is fabricated to fold only in one direction and realize 
substantial area reduction during the recovery stroke. 

The reconfiguration of the elastic structure is analysed by observing the deflected 
profile of the structure and measuring the induced drag on the structure. In addition 
to experimental measurements, analytical methods are developed to couple the 
dynamics of the centre rod and the side flaps and estimate the reconfiguration of the 
elastic structure. These analytical methods successfully predict the flow-induced force 
and the resulting three-dimensional deformation of the elastic structure during both 
power and recovery strokes. 

Based on the analytical expressions used to model inertial fluid force and elastic 
bending force, the ratio of the two forces is proposed as a dimensionless speed which 
characterizes the reconfiguration of the elastic structure. Furthermore, a newly defined 
reconfiguration number that takes into account the folding of the side-flaps provides 
an appropriate interpretation of the drag reduction by reconfiguration. Lastly, direct 
comparison of drag forces between power and recovery strokes is conducted to find 
model conditions for optimal drag ratio. 

Figure 1: Images of the deformed elastic structure during (a) power stroke and (b) recovery 

stroke at translational speed U = 40 cm/s. 

a
Dep. Mechanical Engineering, KAIST, Daejeon 34141, Republic of Korea 
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Multiscale Modelling of Fluid-String Interaction 

Amy Kenta, Sarah Watersa, James Olivera and Jon Chapmana 

The interaction between slow, viscous flow and assemblies of thin, flexible structures 
is observed in many applications, for example textile production, cilia, and tissue 
engineering. The modelling we present is motivated by tendon tissue engineering, 
where nutrient media surrounds cells which grow on aligned, flexible strings (figure 
1.a). For this application, it is desirable to characterise the shear stress across the fluid-
string composite as tendon cells modulate their behaviour in response to mechanical
forcing.

To this end, we present the derivation of a homogenised model for fluid-string 
interaction which exploits the small ratio of the length scales of string separation to 
the width of the composite. Homogenisation reduces the full model to two simpler 
problems: one a ‘microscale’ problem which characterises the local variation in shear 
stress and provides the coefficients for the second ‘macroscale’ problem which 
describes the effective properties of the composite. The homogenised equations take 
the form of a modified Darcy’s law coupled to string motion via the upscaled form of 
a force balance on individual strings.  

We present analytical solutions to the homogenised problem in simple geometries, 
for example figure 1.b. Shear stress distributions will be discussed for flow driven by 
an influx of fluid flow or an imposed oscillatory motion of the string ends. For flux-
driven flow, we find the solid fraction determines the shear stress via its role in setting 
the permeability. For string-driven flow, we find the maximum and average shear 
stress exhibit power law scaling with the oscillation frequency (figure 1.c.).  

Figure 1: a. Tendon tissue engineering chamber where cells are grown on aligned on 

strings. Nutrient media is flows through inlet and outlet. b. Plots of analytical solutions for 

string profiles when a time oscillatory twist is imposed at the upper plate. c. Power laws for 

the scaling of average and maximum axial shear stress with oscillation frequency. 

a
Mathematical Institute, Woodstock Rd, Oxford, UK OX2 6GG
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Galloping instability of a cubic pendulum at high Re number

Y. Haffnera, J. Boréeb, F. Pailléb and C. Sicotb 

A cable car cabin is a mechanical system hanging from a traction cable with several 
degrees-of-freedom (pendular movement) and subjected to surrounding wind loads. 
The model study presented here deals with a pendular cube in a low turbulence flow. 
An arm hangs the cube at a fixed point and is allowed to swing in rotation only (figure 
1). Two companion experiments were carried out in the Jules Verne wind tunnel of 
CSTB – at 1/4th scale – and S120 wind-tunnel of ISAE-ENSMA – 1/10th scale – for 
Reynolds numbers between 6. 104 and 106. Dynamic loads measurements are 
performed using unsteady pressure measurements and 3 or 6-component aerodynamic 
balance. Dynamic motion tracking is performed using inertial measurement unit, 
trajectography systems or low-frequency accelerometers. The stability map of the 
pendular cube is experimentally derived with the wind direction as the control 
parameter. With a single degree-of-freedom orthogonal to the free-stream flow, the 
cubic pendulum exhibits a galloping instability which results in the exponential 
amplification of the swinging oscillations starting from rest (Figure 1). The stability is 
very sensitive to the wind incidence and the shape of the cube edges as flow 
separation and reattachment around the cube plays a key role in the phenomenon. A 
quasi-static linearized model of the pendulum has been derived to predict the onset of 
galloping instability with the only information of the static aerodynamic coefficients of 
the cube. The model appears able to be able to predict the instability region if the 
model hypotheses remain fulfilled. Once the quasi-static hypothesis is lost for low 
reduced velocities U* (ratio between convective frequency and natural pendulum), the 
swinging motion grows faster and saturates on a limit cycle due to arising non-
linearities and a strong coupling between pendulum and flow dynamics. This is 
expected in real life applications when moving towards the full-scale problem. 

a
Centre Scientifique et Technique du Bâtiment, Nantes, France

b
Institut Pprime, UPR 3346, CNRS-ENSMA-Université de Poitiers, Futuroscope-Chasseneuil, France 

Figure 1: (left) Experimental setup. (right) Amplification of the swinging oscillations from the 
mean equilibrium position and comparison to the quasi-static linearized model. 
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Efficiency of a rotor with flexible blades in water 

T. Aurégana, B. Thiriaa and S. Courrech du Pontb

Adding flexibility to rotating structures has been shown to improve their efficiency 
and reliability as well as their compliance to external flow perturbations. For instance 
the range over which a wind turbine is most efficient can be increased by introducing 
blade flexibility1 2.  

In this work, we investigate experimentally the problem of a propulsive rotor 
submerged in water with flexible blades in both spanwise and chordwise directions : 
when subjected to an incoming flow, the blades bend upstream and twist due to the 
distribution of lift and drag forces over the blade span. The blades are made out of 
thin mylar sheets, have a rectangular profile and a constant chord. We report 
measurements of the thrust produced by the rotor and the resistive torque due to the 
fast rotation in the flow while also detecting the associated blade deformations. We 
derive simple geometric and scaling arguments that can be used to understand the 
general behaviour of the system. A simulation of the full system using blade element 
momentum theory coupled with a non linear ribbon model for the deformations of 
the blades shows good agreement with the experiments.  

The observations show that for optimal parameters, the flexibility of the blade can 
improve the thrust, but especially when the flow conditions are off-design. We also 
report experimentally and numerically the existence of regimes where the rotor 
propulsive efficiency is increased when using the flexible blades over the rigid ones. 
This work demonstrates that this blade concept may allow a greater working range 
than traditional blades. 

a
Laboratoire de Physique et Mécanique des Milieux Hétérogènes, PMMH UMR 7636 CNRS ESPCI PSL 

Research University Univ. Paris-Diderot Sorbonne Université, Paris, France. 
b

Laboratoire Matière et Systèmes Complexes, UMR CNRS 7057, Université de Paris

1 V. Cognet et al. Proceedings of the Royal Society A: Mathematical, Physical and Engineering Sciences.
473, 20160726 (2017) 
2 V. Cognet et al. Renewable Energy. 160, 1373–1384 (2020)
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Absolute instabilities in compliant plane channel flows

Benôıt PIER*, Smail LEBBAL∗ and Frédéric ALIZARD∗

For plane channel Poiseuille flow the presence of compliant boundaries is known to
give rise to specific instability modes, resulting from fluid–structure interactions. Re-
cently we have shown that temporal instability is dominated by modes of varicose
symmetry1. Here we systematically investigate the absolute nature of these instabil-
ities and find that varicose modes again display the largest absolute growth rates.

We consider a steady Poiseuille flow interacting with a spring-backed membrane
deformable in the wall-normal direction2, and use boundary conditions including both
viscous and pressure contributions. Such a configuration may be described by the
characteristic time scales associated with different physical properties: τK (spring
stiffness), τB (flexural rigidity), τν (viscous diffusion), τU (base flow advection), . . .
suggesting the use of non-dimensional control parameters defined as their ratios3,
such as the Reynolds number Re ≡ τν/τU , the reduced velocity VR ≡ τK/τU and the
relative flexural rigidity BK ≡ τK/τB. Note that, for fixed spring stiffness, increasing
VR (resp. BK) thus corresponds to increasing flow rate (resp. flexural rigidity).

While Poiseuille flow between rigid boundaries never becomes absolutely unstable,
a few compliant configurations have been identified4 for which sinuous modes display
a positive absolute growth rate. By considering a wide range of control parameters
and investigating both sinuous and varicose instability modes, it is here found (com-
pare plots (a) and (b) below) that onset of absolute instability occurs through varicose
modes. The absolute growth rate ω0,i is seen to significantly increase with VR and
decreases with BK . Since the instability mechanism is essentially inviscid, the critical
curves (in black) remain practically unchanged from Re = 1000 to Re = 10000. Be-
yond onset of absolute instability, however, an increase in Reynolds number enhances
ω0,i for varicose modes, while the opposite trend appears to prevail for sinuous modes.
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Figure 1: Isolines of absolute growth rate ω0,i as a function of VR and BK at Re = 1000
(solid lines) and Re = 10000 (dotted lines) for (a) varicose and (b) sinuous modes.

*Laboratoire de mécanique des fluides et d’acoustique (CNRS—École centrale de Lyon—
Université de Lyon 1—INSA Lyon), France.

1S. Lebbal, F. Alizard and B. Pier, Phys. Rev. Fluids, 7, 023903 (2022)
2C. Davies and P. W. Carpenter, J. Fluid Mech., 352, 205–243 (1997).
3E. de Langre, Fluides et Solides, Éditions de l’École polytechnique (2001).
4W. A. A. Ali, PhD thesis, Cardiff University (2016).
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Lattice Boltzmann simulations of dense suspensions of soft 
particles with surface viscosity 

F. Gugliettaa, O. Aouanea, F. Pelusia, M. Segaa and J. Hartinga,b

Surface viscosity plays a major role in the dynamics of single droplets and viscoelastic 
capsules by influencing their transient dynamics and steady-state deformation1. For 
example, it has recently become clear that numerical models for red blood cells must 
include surface viscosity to account for their realistic description1,2,3. The occasional 
works that tried so far to account for membrane viscosity did so by increasing 
the viscosity ratio (i.e., the ratio between inner and outer fluids viscosity) to simulate 
the viscous dissipation on the surface. However, this approach based on bulk 
quantities cannot replace a proper modeling of the membrane viscosity as a surface 
effect3. The latter affects the dynamics of viscoelastic capsules considerably3,4 and can 
be expected to play a major role in determining the dynamics and rheology of their 
dense suspensions. However, as no detailed investigation exists on the effects of 
surface viscosity in the dense suspensions of soft capsules, we aim to fill this gap by 
including it in computational fluid dynamics models. 
Here, we address this problem for the first time by performing numerical simulations 
in the framework of the immersed boundary - lattice Boltzmann method. This 
approach proved to be a valid numerical tool to provide a realistic description of soft 
particles immersed in Newtonian fluids1,2. We employ a recent numerical model2 to 
account for surface viscosity by relying on the discretised Boussinesq-Scriven 
tensor, which provides a continuum description of a 2D viscous fluid. We show that 
the surface viscosity influences (a) the time it takes for particles to deform during the 
transient phase and (b) the final shape of the particles in the steady-state at different 
volume fraction values. 

a
Helmholtz Institute Erlangen-Nürnberg for Renewable Energy (IEK-11), Forschungszentrum Jülich 

GmbH, Cauerstraße 1, 91058 Erlangen, Germany 
b Department of Chemical and Biological Engineering and Department of Physics, Friedrich-Alexander-
Universität Erlangen-Nüremberg, Cauerstraße 1, 91058 Erlangen, Germany 

1Guglietta et al., Soft Matter 16, 6191 (2020).
2 Li et al. , Int. J. Numer. Meth. Biomed. Engng. 35(6), e3200 (2019).
3Guglietta et al., Philos. Trans. R. Soc. A 379(2208), 20200395 (2021).
4Guglietta et al., Soft Matter 17, 5978 (2021).
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An immersed boundary lattice Boltzmann approach to simulate 
wetting dynamics of droplets 

F. Pelusia, O. Aouanea, F. Gugliettaa, M. Segaa and J. Hartinga,b

The combination of the immersed boundary1 (IB) approach with the lattice 
Boltzmann2 (LB) method (IBLB) yields a versatile tool to simulate well-defined 
structures interacting with a surrounding fluid. This combination has many 
applications in computational fluid dynamics and it is often used to simulate viscous 
flow over a flexible sheet3 or dense suspensions of red blood cell4,5. However, little 
attention has been devoted so far to the application of this approach to substrate 
wetting problems. 
Here, we report on an IBLB-based investigation of the wetting of droplets interacting 
with a solid surface. By defining a symmetric elastic stress tensor on the interface 
nodes, the surface tension of the droplets is modelled as a contribution in the force 
that the droplet communicates to the surrounding fluid6. In this work, we characterize 
the static and dynamic contact angle of Newtonian droplets and show how the desired 
wetting properties can be matched by tuning the surface/IB-nodes interaction. The 
flexibility of the IBLB approach allows us to model easily also a non-Newtonian 
surface rheology, opening the possibility to simulate a wide range of systems involved 
in high-tech applications. For example, we aim to use this feature to model the 
unusual wetting behavior of gallium droplets. Liquid gallium develops an oxide layer at 
the liquid surface upon exposure to air, because of the contact with the oxygen, which 
is known to affect its adhesive properties7 with significant consequences for its 
application in the context of catalysis8. 

a
Helmholtz Institute Erlangen-Nürnberg for Renewable Energy (IEK-11), Forschungszentrum Jülich 

GmbH, Cauerstraße 1, 91058 Erlangen, Germany 
b Department of Chemical and Biological Engineering and Department of Physics, Friedrich-Alexander-
Universität Erlangen-Nüremberg, Cauerstraße 1, 91058 Erlangen, Germany 

1Peskin, Acta Numerica 11, 479-517 (2002).
2Krüger et al., Springer International Publishing 10, 978-3, 4-15 (2017).
3Zhu et al., Comput. Math. Appl. 61(12), 3506-3518 (2011). 
4Aouane et al., J. Fluid Mech. 911 (2021).
5Guglietta et al., Soft Matter 17(24), 5978-5990 (2021).
6Li et al. , Int. J. Numer. Meth. Biomed. Engng. 35(6), e3200 (2019). 
7Xu et al., Phys. Fluids 24(6), 063101 (2012).
8This work has received financial support from the Deutsche Forschungsgemeinschaft (DFG, German 
Research Foundation) – Project-ID 431791331 – SFB 1452. 
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The effect of a counter-flow on oscillating cylinders 
freely falling in a thin-gap cell  

D. Letessiera, V. Roiga and P.Erna

We investigated the behaviour of heavy (aluminium and titanium) cylinders having 
elongation ratios L/d varying between 3 and 20 (L being the variable length of the 
cylinders and d = 0.8 mm their diameter) released in an ascending water flow in a thin-
gap cell (of thickness 1mm). When the liquid is at rest, the freely falling cylinders display 
a fluttering motion of large amplitude, featuring horizontal and vertical oscillations of 
the centre of gravity and oscillations of the cylinder orientation. When a counter-flow 
is added and increased, the mean fall velocity of the cylinder decreases until it reaches a 
zero value, beyond which the cylinder is transported by the flow. For a given aspect 
ratio, for long enough cylinders, the oscillatory motion of the cylinders is preserved at 
the same frequency, and the amplitudes are weakly modified by the intensity of the 
liquid flow, showing comparable behaviours in the sedimentation and transport 
regimes. Conversely, in the case of shorter cylinders, the oscillatory motion is 
progressively damped, and the cylinders are transported without oscillation with their 
symmetry axis perpendicular to the flow direction. We will present a detailed analysis of 
the kinematics of the cylinders, along with two-dimensional visualizations of the 
corresponding wakes.  

Figure – Illustrations at different times of the path and wake of an aluminium cylinder with L/d 
= 10 falling in a fluid at rest. The instantaneous vorticity field (coloured map) and velocity field 
(white vectors) shown in the background are those corresponding to the lower cylinder position 
shown in each figure. The fields were obtained by PIV using a shadowgraph system. 

a
Institut de Mécanique des Fluides de Toulouse (IMFT), CNRS and Université de Toulouse, France
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Efficient amplification of vortex-induced vibrations on a circular 
cylinder for energy harvesting applications 

A. Nittia, G. De Cillisb, M. D. de Tullioa

Vortex-induced vibrations (VIV) of elastically mounted cylinders in incompressible 
flows can be exploited to harvest energy from slow currents. Most rivers provide flow 
conditions not accessible to water turbines, despite they represent a seasonally 
consistent and highly predictable energy source. A suitable technology, such as that 
based on the VIV principle, can fulfil the engineering requirements to exploit this 
source. Following some recent implementations of this concep1, it turns out that the 
magnification of the oscillation amplitude represents a potential source of power 
output increment.  
Despite the widespread interest in the VIV dynamics, the control of the phenomenon 
still represents a challenging objective, owing to the mutual dependence of reduced 
velocity, natural frequency in vacuum and added mass. A recent numerical 
investigation documented the amplification of the oscillation amplitude of an 
elastically mounted cylinder by enforcing a constant coaxial rotation2.  
On the heels of this work, we present a mechanical model where the cross-flow 
oscillation is coupled with the rotation by means of a pure rolling motion over an 
imaginary surface at distance r with respect to the cylinder center. Thus, in our model
cross-flow and rotational displacement are proportional by the factor r, resulting in a
single degree-of-freedom system governed by a forced oscillator equation. We explore 
the design space of such a device by two-dimensional Direct Numerical Simulations 
(DNS), where the solid-to-fluid interface is enforced with a direct-forcing immersed 
boundary method3. The kinematic coupling is found to be responsible for a 
remarkable widening of the lock-in region, as well as for an amplification of the 
oscillation amplitude. These findings potentially pave the way for the augmentation of 
the power output of novel energy harvesters based on VIV.  

a
Dep. Mechanics Mathematics and Management, Polytechnic University of Bari, Via Re David 200, 

Bari, Italy 
b Ocean Predictions and Applications Division, Euro-Mediterranean Centre on Climate Change 

Foundation, Via Augusto Imperatore 16, Lecce, Italy  
1 Bernitsas et al., J. Offshore Mech. Arct., 130, 4 (2008).
2 Bourguet and Lo Jacono, J. Fluid Mech., 740, pp–342 (2014).
3 de Tullio and Pascazio, J. Comput. Phys., 325, 201-225 (2016).
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Deflexion of two identical, clamped-free cylinders in tandem 
in a transversal flow 

A. Crosa, A. Arellano Morenob

The static deflection of a single, clamped-free flexible fiber immersed in a transversal 
flow is called reconfiguration1,2. It is characterized by the fiber streamlining and the 
cross-sectional area decrease, which both provoke a drag reduction. When a second  
flexible cylinder is placed downstream the first cylinder, it is submitted to a sheltering  
effect and the cylinder deflections are not identical. We present an experimental study 
performed with five different cylinder pairs submitted to various airflow intensities. For 
small enough distances between the clamped extremes, the upstream cylinder exhibits 
larger deflections. When the air velocity is increased, its free extreme may enter in 
contact with the downstream cylinder from a critical velocity vu. When the air velocity 
is decreased, both cylinders stay in contact up to a velocity value vd < vu. We  measure 
the critical velocities and express our experimental results via the Cauchy number and 
explain the hysteresis which appears in our experiment. 

a Dep. Physics, Universidad de Guadalajara, Av. Revolución No. 1500, Guadalajara, Jal., México 
b

Dep. Physics, Universidad de Guadalajara, Av. Revolución No. 1500, Guadalajara, Jal., México 
1 Alben et al., Nature 420, 479 (2002).
2 Gosselin et al., J. Fluid Mech. 650, 319 (2010).

Figure 1: Serie of photographies which show the deflection of two identical cylinders when the 
airflow intensity is increased (from left to right). The white straight line points out where our 
measurement was performed. 
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Asymptotic theory for pulsed pressure waves in fluid-filled elastic 
pipes  

A. Baylea and F. Plouraboué a

We analyse theoretically the fluid-structure coupling occurring in a fluid-filled elastic 
pipe taking into account the interaction between  (i) the elastic sheath, (ii) the fluid 
boundary-layer, (iii) the core acoustic pressure and velocity fields. Making use of very 

distinct time-scales between the viscous radial diffusion, 𝜏𝑑 , and the propagating wave

time-scale, 𝜏𝑐 , we perform a two time-scale asymptotic analysis based upon small

parameter, δ=√𝜏𝑐 𝜏𝑑⁄ . An asymptotic theory of constitutive fluid and solid equations

leads to the derivation of a set of coupled fluid-solid vector wave equations for the 

leading and first order in δ. A secularity condition associated with the leading order 
slow-time-scale envelope attenuation is obtained. On the one hand our approach 
reconciles both predictions for the precursive elastic wave and the pulse velocities 
obtained when considering solid deformation only1, and, on the other hand, predictions 
for the longitudinal attenuation resulting from the effect of boundary layers only2. Our 
predictions3, illustrated in the figure bellow, show very close agreement with 
experimental measurements4.  

Dimensionless attenuation envelope (left) and 

dimensional pressure time variation signature (right) using the experimental data of4. Theoretical 

predictions from3 are reported with continuous blue lines. 

a
Institut de Mécanique des Fluides de Toulouse, IMFT, Université de Toulouse, CNRS

1  Tijsseling, A.S., Comput. Struct. 85, 844–851 (2007) 
2 Mei, C.C., Math. Biosci. 280, 62-70 (2016)  
3 Bayle A., Plouraboué F., submitted, (2022) 
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Salt effects on the morphology and rheology of micellar solutions 
of ionic surfactants through molecular simulations across scales 

K. S. Karadimaa,b, D. G. Tsalikis,a,b I. P. Stott,c and V. G. Mavrantzasa-b, d 

Liquid formulations based on anionic surfactants find extensive use in personal care 
products. In the absence of salt, surfactants organize into spherical or tiny rod-like 
micelles, and their zero-shear viscosity is close to that of water. Adding small amounts 
of salt alters the shape of micelles and increases their size resulting in what is known 
as wormlike micelles. Thus, the zero-shear viscosity increases by several orders of 
magnitude approaching a peak value, beyond which adding more salt causes a 
decrease in the viscosity.1 Clearly, to design formulations with predefined rheological 
properties, a fundamental understanding of the relationship between composition, 
microstructure and rheological properties is needed. 

The present work addresses salt effects on the morphology and rheology of 
micelles formed by anionic surfactants, through a multiscale simulation strategy 
involving atomistic (AA) and coarse-grained (CG) molecular dynamics (MD) 
simulations to predict micelle morphology as a function of solution chemistry and 
composition, and Brownian Dynamics (BD) simulations to address the flow 
behaviour of the resulting micellar formulation. 

Under salt-free conditions or at relatively low salt concentrations, the MD 
simulations predict2 the formation of small spherical micelles. However, as the salt 
concentration increases, cylindrical wormlike micelles form, whose contour length can 
reach up to several tens of nanometers, in agreement with experimental observations.1 

In the next step, information from the lower-level (MD) simulations is used to 
parameterize a BD code capable of predicting the viscoelastic properties of the 
solution. The BD model accounts for bonded and non-bonded interactions, 
entanglement effects, and micelle fusion-scission.3 We will discuss BD simulation 
predictions for the effect of flow on micelle shape and size,4 zero-shear rate viscosity, 
and storage and loss moduli of the solution for well-characterized wormlike micellar 
solutions, including a detailed comparison with available experimental data. 

a Dep. Chemical Engineering, University of Patras, Caratheodori Str. 1, Rio Patras, GR 26504, 
Greece. 

b Inst. Chemical Engineering Sciences, FORTH, Stadiou Str., Platani Patras, GR 26504, Greece. 
c Unilever Research & Development Port Sunlight, Bebington CH63 3JW, United Kingdom. 
d Dep. Mechanical & Process Engineering, ETH-Z, Leonhardstr. 21, Zurich, CH 8092, Switzerland. 
1 Parker and Fieber, Soft Matter 9, 1203 (2013).
2 Peroukidis et al., J. Phys.: Materials 4, 044001 (2021).
3 Pahari et al., J. Colloid Interface Sci. 600, 550 (2021).
4 Cates and Fielding, Adv. Phys. 55, 799 (2006).
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On the Linear Stability Analysis of fluid-structure interaction 
problems with an Immersed Boundary method

A. Tirria, A. Nittia, J. Sierrab,c, F. Giannettib and M.D. de Tulliob

In this work, we perform a global linear stability analysis of an incompressible viscous 
flow interacting with elastically mounted rigid bodies, by means of a novel matrix-free 
time-stepping approach. 
The method is based on a validated Direct Numerical Simulations (DNS) flow solver, 
where the solid-to-fluid interface is enforced with a direct-forcing Immersed 
Boundary (IB) method1, coupled with an iterative Krylov-subspace algorithm. The 
versatile DNS-IB global solver is capable of coping with complex and moving or 
deforming geometries. The computation of the leading eigenvalues of the linear 
stability matrix is carried out via the exponential transformation first introduced by 
Eriksson and Rizzi2.  
In this work, we present the derivation of the proposed methodology, as well as its 
validation with respect to several test cases involving spring-mounted rigid bodies in 
open flows, with density ratios spanning the range ρ* = [2,20]. Finally, we investigate 
the global linear stability of the flow past two elastically mounted cylinders in tandem, 
free to oscillate in the cross-stream direction. The results obtained are in good 
agreement with literature data, opening up new perspectives for the application of 
linear theory. 

Figure 1: Growth rate (left) and frequency (right) of the two least stable modes for the flow 
around an elastically mounted circular cylinder (Re=60, ρ * =20), vs. reduced velocity U*. 
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An immersed boundary-regularised lattice Boltzmann method for 
acoustic simulations of FSI problems

Methma Rajamunia, Zhengliang Liub and Fang-Bao Tiana 

Fluid-structure-acoustic interaction problems are becoming more popular with the 
recent development of computational technologies. In this initial work, we developed 
an efficient numerical methodology to study aeroacoustics in FSI problems, for 
example, the noise of flapping insect wings.  
 Capturing sound waves in a numerical simulation is challenging. Thus, selecting an 
appropriate methodology is critical in aeroacoustic simulations. To improve the 
efficiency of the solving process, the lattice Boltzmann method (LBM), which 
describes the evolution of mesoscale velocity distribution functions, based on free-
streaming and collision is used. To model fluid-solid interface the well-established 
immersed boundary method is used. There are many different versions of LBM with 
distinct collision operations. The recursive and regularized (RR) BGK collision 
operator, which was developed based on higher-order Hermit polynomials was used 
to improve the numerical stability. At the outer boundary of the domain, a non-
reflective boundary condition was employed to overcome the reflections of sound 
waves.  

a School of Engineering and Information Technology, University of New South Wales Canberra 2612, 
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The long-term evolution of the Morison equation due to the effect 
of marine biological growth

C. Warbya, V. Pakrashib, F .Diasc, F. Schoefsd

The prediction of forces on cylindrical structures in marine environments such as 
jackets and monopiles typically relies on the Morison equation. The Morison equation 
relies on two coefficients to accurately predict the magnitude of the inertial and drag 
forces experienced by the structure. These coefficients are extremely sensitive to the 
diameter and external shape of the cylinders. Both of these factors change in the 
presence of biocolonisation by an increase in diameter and an increase in macro-
roughness. This paper will detail an approach to the evolution of the Morison 
equation by examining the long term evolution of biological growth and its impact on 
the geometry of the cylinder in question. This provides a method for assessing the 
change in force due to growth. This work is done with the intention of providing 
more accurate force estimation this in turn will reduce some of the uncertainty when 
engineering equipment for marine environments. An example of one such force 
evolution model will be provided using a combination of real world biocolonisation 
models developed in both depth1 and time2. This will also include a discussion on the 
challenges that developing real world biocolonisation models pose as well as some of 
the approaches that can be taken to provide the most accurate real world information 
due to the random nature of marine biocolonisation and highlighting the fact that site 
inspection can be used to reduce a large amount of the uncertainty associated with any 
of these models.  

a
Dep. Mechanical Engineering, University College Dublin, Belfield, Dublin, Ireland

b
Dep. Mechanical Engineering, University College Dublin, Belfield, Dublin, Ireland 

c
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d  
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1 Decurey, Schoefs et al, J. Mar. Sci. Eng.. 8, 108 (2020).
2 Schoefs * and Tran, MDPI Energies,  15, 414 (2022).
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High Fidelity Simulations of Different Regimes in Canopy Flows 

Shane Nicholas a, Mohammed Omidyeganeha and Alfredo Pinellia 

We have carried out highly resolved Large Eddy Simulations (LES) of an in- 
compressible, turbulent, open channel flows bound by a canopy of rigid filaments that 
are flush mounted, slender, normal to an impermeable wall. The Immersed Boundary 
(IBM) formulation1 that is adopted allows the computation to tackle the region 
occupied by the canopy directly by imposing the zero-velocity condition on every 
single stem. In the current investigation, we have considered six canopy configurations 

that differ only in the solidity () obtained by varying the in plane solid fraction 
(obtained by increasing the stems number density) with the same canopy height. The 
selected solidity nominally falls in the so called ’transition-dense’ canopy flow 

configurations2 (i.e.,   [0.005 0.6]). While the above regime was investigated 
recently3 by altering the canopy height alone, the variation of the in-plane solid 
fraction (∆S2) and its effect on the overlying turbulent flow have not been explored. 
The former discriminates the scales of the outer flow that can penetrate the canopy 
and control the overall interactions of the inner and outer flows. All the mean velocity 
profiles exhibit two inflection points4, one located at the top of the canopy and the 
other closer to the bottom wall. While the origin of the inner flow corresponds to the 
solid wall, the origin for the outer layer can be identified by a virtual location below 
the tip of the canopy, similar to the one adopted in describing turbulent flows over 
rough walls. While the coarsest and the transitional scenarios share some features with 
the flows sharing the same solidity, obtained by changing the canopy depth, the 
densest case features a radically different behaviour with an almost complete 
decoupling of the interaction between the outer and the intra canopy flows. This 
suggests the existence of a new quantitative measure that characterises the transition 

beyond the value of . 

Figure 1: Geometrical parameters that govern canopy flows (left and middle). Mean velocity 
profile on the right, with the location of the virtual origin (red) and internal inflection point 
(blue). Horizontal dashed line represents the canopy height.  
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4 Monti et al., Phys. Fluids 31, 065108, (2019). 
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A fluid-structure interaction solver based on lattice-Boltzmann and 
immersed boundary methods with applications to biological flows. 

T. Fringanda, I. Cheylana, M. Lenoira,b, L. Macéa,b,  and J. Faviera

An immersed boundary method (IBM) is coupled to a lattice Boltzmann solver based 
on the Hybrid Recursive Regularized (HRR) collision model, and a finite-element 
solver. The numerical framework demonstrates its capability to handle deformable 
and/or moving objects immersed in an unsteady fluid flow, and to accurately capture 
the stresses on the structure, as well as its displacement and velocity.  

The IBM consists of defining a volume force term on the boundary between the fluid 
and the solid, calculated to satisfy the no-slip boundary condition at the wall1. For the 
LBM, the recently developed Hybrid Recursive Regularized (HRR) model2 is used to 
enhance numerical stability and the algorithms are implemented within the ProLB 
software. The structural part is handled using an open-source finite-element solver 
(Calculix), which can perform both linear and non-linear simulations, in static and 
dynamic conditions. The coupling is enforced using a classical partitioned approach, 
where the interface force field is sent to the structure at each iteration, which then 
sends back the displacement and velocity of the nodes to the fluid solver.  

We perform a thorough numerical study to validate and characterize the efficiency, 
stability and accuracy of the numerical framework using a set of test-cases of 
increasing complexity. As we are targeting biological flows, we first consider a non-
deformable configuration, which consists of the transient interaction between a rigid 
mechanic heart valve and the blood flow3. The method is then applied to a 
deformable 2D case: a laminar incompressible channel flow around an elastic object 
which results in self-induced oscillations of the structure4. Then, a deformable and 
oscillating 3D flag is studied in a laminar flow5. In all cases, the proposed method 
shows good results compared to the available data in the literature.  Finally, the 3D 
results on a model of aortic valve dynamically deforming under physiological 
conditions will be presented.
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1 Favier et al., J. Computational Physics. 261, 145-161 (2014).
2 Jacob et al., J. of Turbulence. 19, 1051-1076 (2018).
3 Stijnen et al., J. Fluids and Structures. 19, 835 (2004).
4 Hron and Turek, Springer Berlin Heidelberg. 53 (2006).
5 Huang and Sung, J. Fluid Mechanics. 653 301 (2010).
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Global linear stability analysis 
of the interaction of a shock-wave with a flexible wall 

N. Fabbianea and C. Contenta

The aim of this work is to better understand by means of numerical simulations the 
interaction of a normal shock-wave with a viscoelastic patch. This is motivated by the 
promising results1 on the attenuation of shock-oscillation via the interaction with soft 
material. If wall modifications are known to be effective in attenuating the oscillation 
of a shock-wave2, when it comes to flexible wall not only the flow is modified by the 
static deformation of the wall under the fluid pressure, but also a coupling of the fluid 
and solid dynamics might play a role in the control mechanism. 
Hence, global linear stability analysis tools will be exploited to investigate the relative 
role of static and dynamic coupling between fluid and solid phases. Firstly, the stability 
properties and the response of the reference rigid case will be characterised. Secondly, 
a similar analysis will be conducted for the deformed configuration excluding the 
dynamics of the solid phase. Finally, the fully coupled system will be analysed in order 
to highlight the contribution of the solid dynamics. 
The fluid will be modelled via the compressible RANS solver BROADCAST3, while 
the solid via a Kelvin-Voight viscoelastic model solved via the finite-elements method. 
The physical setup is the one showed in the figure below. A shock is positioned in the 
downstream part of a 2D supersonic planar nozzle by adjusting the pressure at the 
outlet, while the total state is imposed at the inflow. Hence, a viscoelastic patch is 
located at the shock 
foot to study the 
interaction with the 
flow. This replicates an 
experimental set-up 
running at the transonic 
wind tunnel S8Ch at the 
ONERA site of 
Meudon in the 
framework of the 
doctoral thesis of C. 
Riviero-Moreno on the 
experimental-side of the 
here-presented work. 
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Transient elasto-hydrodynamic response of deformable 
microchannels 

Gabriel Guyarda,b, Frédéric Restagnob, and Joshua D. McGrawa

While flows in rigid pipes have been extensively studied, there are situations where 
channels might be deformable – in blood vessels or lab-on-a-chip applications, for 
example. In the latter, polydimethylsyloxane (PDMS) is a commonly used material for 
the fabrication of micrometer-sized chips in an easy and controllable way. Despite its 
numerous advantages, PDMS is a soft elastomer, which means it is subject to 
deformation when submitted to a pressure field. For thin channels –here typically 5 
µm in height– this deformability makes the pressure-versus-flow-rate relation 
strikingly non-linear. While the steady state of such systems has been well-
characterized, the transient dynamics remains to be explored and quantitatively 
rationalized. Indeed, the volume of fluid stored in the deformed area of the chip 
creates a capacitive effect, that leads to finite relaxation time upon pressure changes, 
which can be as long as several minutes. Furthermore, real-life microfluidic setups 
include peripheral equipment, such as external sensors, that impact the system 
dynamics and need to be considered in a realistic description of the system. 

In this study we use flow and pressure sensors to measure the relaxation dynamics 
of PDMS chips with different geometries. We develop an elasto-hydrodynamic model, 
coupling Stokes flow in the lubrication limit and elastic deformation of the channel. 
This model, based on a perturbative analysis of the previously mentioned steady state 
description, is used to rationalize experimental data, including peripheral devices. 
Finally, this theory can be generalized to oscillatory flows. By analogy with RC circuits, 
we show that deformable microfluidic channels behave like tunable low-pass filters, 
the cutoff being given by the DC input pressure. 

a
Gulliver, CNRS UMR7083, ESPCI Paris, Université PSL, 75005 Paris, France

b
Université Paris-Saclay, CNRS, Laboratoire de Physique des Solides, 91405 Orsay, France 

Figure 1: Frequency-dependent gain, defined as the ratio of inlet pressure amplitude to flow 
rate amplitude, for oscillatory flows in a thin deformable microchannel. 
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Sedimentation of flexible and rigid U-bent sheets in a viscous fluid 

T. Miaraa, D. Pihler-Puzovićb, M. Heilc and A. Jueld

Sedimentation of flexible objects falling through a viscous fluid has attracted some 
recent attention. In a 1D case of a sedimenting flexible filament, the viscous loading 
from the surrounding fluid causes the filament to reorient and bend to eventually 
adopt a symmetric U-bent shape and fall steadily vertically1. Motivated by mechanisms 
of segregating flakes of 2D materials by centrifugation2, we experimentally investigate 
the corresponding 2D problem of circular sheets, both flexible and rigid, falling in a 
viscous liquid (Re<0.02).  We observe that flexible sheets with elasto-gravitational 
number of 10-3 adopt relatively quickly a U-bent configuration, but then exhibit slow 
transient reorientations with the corresponding slow changes to the curvature 
distribution. They do not reach a steady state within the traversed length of 30 
diameters. The rigid U-bent sheets, on the other hand, exhibit cyclic behaviour as they 
reorient via a periodic sequence of pitching and rolling motions, a rather counter-
intuitive result. This periodic behaviour is consistent with the equations of Happel and 
Brenner3 for the motion of a particle with two orthogonal planes of symmetry. During 
one cycle, a sheet whose non-dimensional curvature is 2.5, traverses ~60 diameters. 
The behaviours of rigid and flexible sheets are similar when they are initialised in an 
upright-U-orientation, but if they are initialised upside-down, the rigid sheet rolls, 
while the flexible sheet bends through, changing the axis of bending in the process, as 
shown in figure 1. 
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Figure 1: An initially upside-down U-bent flexible sheet relaxes and selects a new bending 
axis to adopt a U-bent configuration. 
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Simulation of magnetic filaments in fluid flow using Isogeometric 
Divergence-Conforming Immersed Boundary Method 

A. Cerratoa, P. Sáncheza,b, J. Cerdàa, C. Bona-Casasa and J. Massóa

In this contribution, we present the results of our most recent numerical research in 
the area of fluid mechanics of colloidal magnetic polymers, also known as magnetic 
filaments. Those tiny structures are of high interest in science and engineering since 
they have many applications in microfluidics, such as valves for changing the fluid 
flow passing through a channel, pumps generating flows or stirrers, active coats for 
separation processes1,2, etc. Typically, numerical studies of these paramagnetic 
structures immersed in fluid flow use Langevin dynamics2, Dissipative Particle 
Dynamics, SPH1, or Lattice-Boltzman models to describe the fluid motion and the 
fluid-structure interaction (FSI). Nevertheless, these methods have the drawback that 
magnetic torques can not be transmitted directly to the fluid. Therefore, one should 
use a more complex description of the particles, such as raspberry clusters of smaller 
particles, to achieve a better description of the FSI problem. 
In this work, we solve the FSI problem with the Isogeometric Divergence-
Conforming Immersed Boundary Method (IDCIBM)3, where we include the Navier-
Stokes equations for the description of the fluid motion and the constitutive equations 
of a Neo-Hookean material for the solid phase. This numerical approach allows us to 
simulate magnetic filaments made of interacting deformable particles with non-slip 
boundary conditions at the solid-fluid interface. The interactions between particles are 
controlled from the software package ESPResSo4, taking advantage of its wide variety 
of already implemented short and long-range interacting forces. Moreover, in the 
IDCIBM, the Eulerian velocity-pressure pair is discretized using divergence-
conforming B-splines, which leads to inf-sup stable, H1-conforming, and pointwise 
divergence-free Eulerian solutions. The results of our approach to this problem are 
confronted with recent works in the field1,2,5, showing good agreement and opening a 
gate for the simulation of more complex systems and real applications. 
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Comparative study of the wake dynamics of rigid and flexible 
flapping foils 

Chhote Lal Shaha, Dipanjan Majumdara, Chandan Boseb and Sunetra 
Sarkara

Appropriate selection of the chord-wise flexibility can directly benefit the efficient 
design of flapping-type micro aerial vehicles and automated underwater vehicles. To 
that end, this work investigates the effect of chord-wise flexibility on the wake 
dynamics of a flexible flapping foil in comparison to a rigid foil having the same chord 
length at a low Reynolds number of 300 and typically chosen nondimensional plunge 
velocity to mimic the wake of flying/swimming animals. A discrete forcing immersed 
boundary method based in-house fluid-structure interaction solver [1] is used. The 
former foil is modelled as a flexible filament with a sinusoidal heaving actuation 
applied at the leading-edge. The upward deflected wake with a far-wake switch in the 
rigid foil case (Fig. 1(a)) is altered by the interaction of flexible filament with the 
surrounding fluid, directly affecting the leading-edge vortex formation and the trailing-
edge vortex shedding characteristics and resulting in a bifurcated wake (Fig. 1(b)). For 
the rigid foil, the near-wake is characterized by an upward deflected reverse Kármán 
wake with a deflection angle of ~27º, manifested by the formation of a dominant 
upward deflecting couple. The exchange of vortices between consecutive couples 
(marked with a rectangular box in Fig. 1(a)) takes place in the far-wake, thus changing 
the dominance, dictated by the mutual distance between vortices, to a downward 
deflecting couple. Hence, the far-wake gets deflected downwards with a deflection 
angle of ~31º, exhibiting far-wake switching (Fig. 1(a)). On the contrary, in the case of 
the fully flexible foil, the shedding of dominant upward and downward deflecting 
couples occurs symmetrically near the trailing-edge in every half-cycle, giving rise to a 
symmetric bifurcated wake with a deflection angle of ~55º (Fig. 1(b)). Note that this 
type of bifurcated wake was also observed experimentally [2] and in the wake of 
natural swimmers [3]. Thus, the intricacies of the wake vortices and their interactions 
can be analysed using the present configuration to understand the bio-propulsion 
systems better. Their comparison with rigid and other semi-flexible configurations are 
also presently being studied to identify nature's preference and will be discussed in the 
presentation. 

Figure 1:  Instantaneous vorticity-field: (a) rigid foil, and (b) fully flexible foil. 
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Experimental study of a helix-shaped flow driven by ultrasounds 

B. Vincenta, S. Mirallesa, V. Bottona, D. Henrya, H. Ben Hadida,

A. Kumarb and A. Pothératb

Acoustic streaming refers to nearly steady flows driven by sound waves in a fluid1. 
Because of the dissipative nature of the medium, acoustic energy of a progressive wave 
is converted into mechanical energy during its travel in space. Acoustic streaming may 
be considered for serving several purposes such as heat or mass transfer enhancement2 
or, thanks to its weakly intrusive nature, for the mixing of delicate fluids such as melted 
metals or semi-conductors in order to optimise targeted properties once solidified. 
With the latter industrial application in mind, we report here our first results regarding 
highly 3D acoustic streaming flows investigated in our decimetric water experiment. 
Fluid is driven by an ultrasonic beam entering the fluid domain in its upper half and, 
thanks to successive reflections on the vertical walls of the cavity, following a helical 
path towards the bottom end of the fluid domain (figure 1 (a)). Resulting mean flow 
velocity field is experimentally obtained by means of volumetric PTV (Particle Tracking 
Velocimetry) for several values of acoustic power. It features jet-like and large vortical 
structures (figure 1 (b)), which are highly desirable for mixing purposes. Correlations 
for Reynolds numbers in jets as functions of dimensionless acoustic forcing (i.e. acoustic 
Grashof number Grac) are obtained, and scaling laws developed for characteristic large-
scale horizontal velocities using arguments based on orders of magnitude show strong 
agreement with measurements. Flow unsteadiness is also investigated close to first 
acoustic reflection. 
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Figure 1: (a) Isocontour of normalised acoustic force magnitude (5.5% of its maximum 
value) and beam reflection point numbering. Red arrows indicate orientation of acoustic 
force. (b) Isocontour of Q criterion (0.017s -2) coloured by helicity of obtained mean 
flow for Grac = 1.58×105 (acoustic power of 8W) (experimental data). 
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Swimming of a ludion in a stratified sea

P. Le Gal1, B. Castillo Morales2, S. Hernandez Zapatab

and G. Ruiz Chavarriab 

We describe and model experimental results on the dynamics of a "ludion"- a neutrally 
buoyant body - immersed in a layer of stably stratified salt water. By oscillating a 
piston inside a cylinder communicating with a narrow (in one of its horizontal 
dimensions) vessel containing the stably stratified layer of salt water, it is easy to 
periodically vary the hydrostatic pressure of the fluid. The ludion or Cartesian diver, 
initially positioned at its equilibrium height and free to move horizontally, can then 
oscillate vertically when forced by the pressure oscillations. Depending on the ratio of 
the forcing frequency to the Brunt-Väisälä frequency of the stratified fluid, the ludion 
can emit its own internal gravity waves that we measure by a classical Particle Image 
Velocimetry technique. Our experimental results describe first the resonance of the 
vertical motions of the ludion when excited at different frequencies. A theoretical 
oscillator model is then derived taking into account added mass and added friction 
coefficients and its predictions are compared to the experimental data.Then, for the 
larger oscillation amplitudes, we observe and describe a bifurcation towards free 
horizontal motions. Although the internal gravity wave frequencies are affected by the 
Doppler shift induced by the horizontal displacement velocities, it seems that, 
contrary to surface waves associated with Couder walkers1 they are not 
the cause of the horizontal swimming. This does not however, exclude possible 
interactions between the ludion and internal gravity waves and possible hydrodynamic 
quantum analogies to be explored in the future. 

1
Aix-Marseille Université, CNRS, Centrale Marseille, IRPHE, 49 rue F. Joliot Curie,13384 Marseille, 

Cédex 13, France
2

Departamento de Fisica, Facultad de Ciencias, Universidad Nacional Autonoma de México, 04510, 

México
1 Couder, Y., Protière, S., Fort, E. and Boudaoud, A., Nature 437, 208 (2005). 
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Drag and flow field of an unsteady inertial squirmer 

T. Redaellia, F. Candelierb, R. Mehaddic, C. Eloya and B.Mehligd

This work deals with the analytical calculation of the drag and flow field generated by a translating active
particle moving with a time dependent translational velocity in a fluid at rest, at small but finite Reynolds 
number. This works follows a previous study carried on for dynamics developing at negligible Reynolds 
number1. The method of matched asymptotic expansion is used to solve this problem.  As an example, the 
case of a squirmer moving thanks to a time dependent tangential surface velocity is presented. The surface 
velocity can be written as 

v = B1(t) cos θ +B2(t) cos θ sin θ eθ

where θ is the angle measured with respect to the swimming direction and B1(t), B2(t) represent the intensity 
of the mode of the swimming gait2. Such squirmer generates the disturbance flow shown in Fig. 1. 

Fig. 1: Time snapshots of the disturbance flow around a squirmer moving with velocity v. Dashed contour lines show the intensity of the 
disturbance flow affected by inertial effects. The continuous contour lines are for the Stokes approximation. Here, B1(t) = 2.39 + 3.5cos(t)

+ 0.16sin(2t), B2(t) = 10.91sin(t) – 1.5sin(2t) and a is the size of the particle.

This solution could explain the disturbance flow and the dynamics generated by organisms of non-
negligible size swimming with vigorous swimming gaits. The modeling of the far-field flow generated by 
inertial unsteady swimmers is of key importance to understand their communication strategies.  

1 Redaelli et al., Phys. Rev. Fluids, (accepted) (2022). 

2 Wang and Ardekani,  J. Fluid Mech., 702, 286 (2012).
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Modelling of a gas flow under a Low Mach regime in 
pipeline configurations

G. Parasiliti Rantonea, P.-Y. Lagréea, N. Aïssioueneb and Y. Penelc

Natural gas is one of the most worldwide spread energy resources, and it is fundamental to 
optimize its transportation and distribution. The main issue during the transportation is 
energy and pressure loss caused by the friction of the gas against the walls of the pipes. 

Since the velocity inside the transportation pipes is often small compared to the speed 
of sound, it is possible to make asymptotic approximations in modelling such gas flows. 
Usually, a Boussinesq model is performed to simulate these kinds of flows, in which a 
divergence free is considered. Here, we focus on the study and the derivation of a "Low 
Mach" to take into consideration the quasi-incompressibility of the flow. The aim is to 
provide a numerical method suitable for the study of whatever pipeline configuration. We 
study two configurations: a heated or cooled open pipe and a closed two-pipe domain, one 
heated, the other cooled, so we develop a numerical scheme adapted for both open and 
closed domains. 

 We consider an averaged version across the section of a pipe of compressible Navier-
Stokes equations for ideal gases1, and we derive an asymptotic model by taking the Mach 
number small2. We obtain a quasi-compressible one-dimensional model, with the velocity 
divergence small but not null (due to heating); as a result, we manage to decouple the 
pressure into two terms: dynamical pressure plays a fundamental role in the conservation 
of momentum, and thermodynamical pressure which is present in the conservation of 
energy.  

We find the analytical solutions to the steady laminar version of the model; these 
solutions are crucial for the validation of the simulations performed. We construct an 
algorithm on the two configurations and we compare the analytical solutions with the 
numerical solutions. The results attained show the accuracy and the robustness of our 
method. 

a
   Institut Jean le Rond d’Alembert, Sorbonne Université, CNRS, 4 Pl. Jussieu, 75005 Paris, France 

b
 Summit, Sorbonne Université, 4 Pl. Jussieu, 75005 Paris, France 

c
  Inria Paris, team ANGE, 2 rue Simone Iff, CS 42112, 75589 Paris cedex 12, France

1 De Andrés-Toro et al., Applied Mathematical Modelling. 33, 1584 (2009)
2  Paolucci, NASA STI/Recon Technical Report N (1982)
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Quantification of uncertainty in the CFD simulation of gas 
dispersion from an LNG release  

M. Bellegonia, G. Landuccia, C. Gallettia and M. V. Salvettia

The transition towards a more sustainable future requires paying a special attention to 
safety and environmental protection within process industries. In this framework, 
storage and transportation plants of hazardous materials and, in particular, liquified 
natural gas (LNG) have a critical role since their importance in the energy transition is 
continuously growing1. Indeed, it is crucial to develop numerical models able to 
simulate accidental scenarios and accurately predict their consequences2.  
The most used models within industrial practice are integral models, based on lumped 
parameters and basic equations describing the relevant phenomena with empirical 
correlations. These models are characterized by a very low computational cost but 
their accuracy is limited, especially due to the fact that they cannot deal with obstacles, 
since the empirical correlations are usually retrieved from open field measurements3. 
For this reason, Computational Fluid Dynamics (CFD) models have attracted a lot of 
attention in the last years since they can deal with several kinds of scenarios, including 
different atmospheric conditions and complex layouts4.  
However, CFD models are affected by different sources of uncertainty, here mostly 
related to the treatment of the Atmospheric Boundary Layer (ABL) with different 
wind conditions in terms of wind speed and atmospheric stability.  
In this work, we intend to apply an Uncertainty Quantification technique to the CFD 
simulation of a possible accidental release in a real LNG storage plant located in 
Algeria. More specifically, we will apply the generalized Polynomial Chaos (gPC) 
expansion to investigate the influence of wind speed and direction, besides the value 
of the turbulent Schmidt number, on the gas dispersion due to an LNG leakage in a 
storage tank. 
We believe that this approach could give insights on the influence of the different 
physical phenomena involved in this kind of studies and also provide a more accurate 
CFD model to better predict the consequences of gas dispersion in complex layouts, 
typical of industrial plants, and hence drive the set-up of safety procedures.    

a
Dep. Civil and Industrial Engineering, University of Pisa, Largo Lucio Lazzarino 1, Pisa, Italy 

a
Dep. Civil and Industrial Engineering, University of Pisa, Largo Lucio Lazzarino 1, Pisa, Italy 

a
Dep. Civil and Industrial Engineering, University of Pisa, Largo Lucio Lazzarino 1, Pisa, Italy 

1 Horvat, Process Safety and Environmental Protection 120, 358-369 (2018)
2 Moen et al., Process Saferty and Environmental Protection 130, 306-316 (2019)
3 Busini and Rota, J. Loss Prevent. Process Ind. 29, 13-21 (2014)
4 Shen et al., J. Loss Prevent. Process Ind. 67, 104252 (2020)
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Self-induced vortex wind-up in transitional separation bubbles 

D. Kuzdasa and S. Brauna

The transition from laminar to turbulent flows is a broad research area of 
undiminished interest for more than a century and many details have still not been 
fully understood. In this work we focus on the so-called ‘by-pass’ transition in 
marginally separated boundary layer flows which, among others, typically occurs at the 
suction side of a slender airfoil.  If the angle of attack exceeds a certain critical value, 
the onset of turbulence is triggered by the repeated bursting of a laminar separation 
bubble (LSB). With the method of matched asymptotic expansions, incipient 
transition can be described by several consecutive stages where each stage is posed as 
a singular perturbation 
problem, Figure 1. 
 The initial phase (i) 
is represented by a 
classical boundary layer 
at the verge of 
separation. 
Subsequently, the 
formation of a LSB 
with reverse flow 
regions is described by 
viscous-inviscid 
interaction in the 
marginal separation stage (ii). In a second interactive triple deck stage1 (iii), the initially 
slender and nearly steady separation bubble grows dynamically until a thick blunt eddy 
spans the entire height of the original boundary layer.  

The present work addresses the self-induced inviscid vortex wind-up process 
governed by the Euler equations in the subsequent Euler-Prandtl stage (iv). In this 
non-interactive stage the displacement effect is of the same order of magnitude as that 
of the classical boundary layer and the slip-velocity and the pressure gradient at the 
wall, which are imposed on the passive Prandtl layer2, are solely governed by the 
evolution equations of the Euler region. The required initial condition is determined 
by the matching to the internal blow-up structure of the preceding triple deck stage 
(iii). The Cauchy problem for the Euler region is solved numerically and the spatio-
temporal evolution of various quantities like the slip velocity and the stream function 
is presented. The corresponding results are further used in the work of Stojanovic and 
Braun2 to solve the Cauchy problem associated with the Prandtl layer.  

This work is founded by the Austrian Science Fund (FWF) (grant no. P31873-
N32). 

a
Institute of Fluid Mechanics and Heat Transfer, TU Wien, 1060 Vienna, Austria 

1 Braun et a., J. Eng. Math. 128, 16 (2021) 
2 Stojanovic and Braun, Proceedings of EFMC14, Athens, (2022). 

Figure 1: Asymptotic structure of the early stages of ‘by-pass’ 

transition in LSBs. 
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Role of contact angle hysteresis on the rod climbing effect of 
Newtonian liquids 

Navin Kumar Chandraa, Kaustuv Lahiria and Aloke Kumara 

Fluid flows with density and viscosity stratification are of interest to the fluid 
mechanics community due to their occurrence in many natural and industrial 
processes.1 One such flow is encountered in the rod climbing effect of two immiscible 
Newtonian liquids.2 Our experiments on the rod climbing effect of Newtonian liquids 
revealed that the contact angle at the liquid-liquid-solid (LLS) interface is not unique. 
It shows a hysteresis depending on the value of the rod rotation speed. With the help 
of simulation, we demonstrate that the boundary condition at the LLS interface 
should be corrected to account for the hysteresis in the contact angle as already shown 
for the rod climbing effect of viscoelastic liquids.3 Correction in the boundary 
condition yields a perfect match between the experimental and the simulated climbing 
profile. It also explains the existing discrepancy4 between simulation and experiments 
in predicting the critical rod rotation speed for the onset of the ring instability 
reported for the Newtonian rod climbing effect. 

a
Dep. Mechanical Engineering, IISc Bangalore, Karnataka, India, 560012 

1 Govindarajan and Sahu, Annual review of fluid mechanics 46: 331-353 (2014).
2 Bonn et al., Physical review letters 93.21: 214503 (2004).
3 Chandra et al., Langmuir 37.51: 14785-14792 (2021).
4 Zhao et al., Physics of Fluids 29.7: 072108 (2017). 
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Effects of incompatible distortion rates in fluid dynamics 

A. Shakira and E. Frieda

The aim of the proposed research is to explore various implications of allowing 
the distortion rate in a fluid to be the sum of two smooth components, both 
incompatible in the sense that they are not gradients of vector fields. A comparable 
decomposition of the local distortion tensor arises in the kinematical description of 
elasto-plasticity. The displacement gradient is assumed to be the additive composition 
of two smooth distortion tensors: a plastic distortion tensor and an elastic distortion 
tensor, neither of which can be described as the gradient of a displacement-like vector 
field. In this case, the incompatibility is measured by the curl of the plastic distortion 
tensor. By employing a similar concept to the mechanics of fluids, this underlying theory 
leads to two coupled evolution equations, one being a generalization of the Navier–
Stokes equation for an incompressible fluid and the other governing a tensorial 
characterization of incompatibility1. The properties of these equations are demonstrated 
by studying the classical problem of Poiseuille–Couette flow in a rectilinear channel. 
This problem involves three dimensionless parameters: the dimensionless velocity of 
the moving wall, the dimensionless pressure drop, and a dimensionless wavenumber 
which embodies the competition between conventional viscous dissipation and 
dissipation associated with the generation and transport of incompatibilty. A system of 
two ordinary differential equations for the steady distributions of velocity and 
incompatibility are investigated, and the resulting fields are calculated and analyzed 
separately for the cases of fully compatible flow, fully incompatible flow, and coexistent 
compatible and incompatible flow. In addition to identifying the combinations of the 
salient dimensionless parameters corresponding to these different steady flow regimes, 
the influence of incompatibility on the macroscopic flow rate is characterized. 

a
Mechanics and Materials Unit, Okinawa Institute of Science and Technology Graduate 

University, Okinawa, Japan 

1
R. Fosdick and E. Fried, Dynamics of incompressible fluids with incompatible distortion rates.

International Journal of Engineering Science. 168: 103540, 2021. 
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Viscous layer dynamics of the Euler-Prandtl stage in marginal 
separation

I. Stojanovica and S. Brauna

In the present work we consider the incipient stages of the transition from laminar to 
turbulent flow caused by a local-ized separation of a boundary layer. From a high 
Reynolds number asymptotic viewpoint the early development of this so-called bypass 
transi-tion can be described in four characteristic stages1, see Figure 1, of which we 
focus on the last one. Starting from the classical boundary layer theory, the laminar 
flow is forced to separate locally due to an imposed adverse pressure gradient (i). 
Taking into account the interaction between the displacement of the viscous layer and 
the induced pressure from the inviscid outer region allows the characterization of 
reverse flow regions (ii). The resulting evolution of the marginal separation stage 
typically develops a finite-time singularity. This breakdown is resolved by yet another 
triple-deck (TD) interaction with smaller length and time scales (iii). The computation 
of the TD stage indicates the formation of a spike at the rear of the separation bubble. 
However, the TD stage fails to cover the subsequent vortex wind-up process, which is 
governed by the Euler-Prandtl (EP) stage (iv). This stage is represented by two non-
interacting regions, i.e. the inviscid Euler region (investigated by Kuzdas2) and the 
viscous Prandtl layer, which is of key interest in our study. This layer is introduced to 
satisfy the no-slip condition. The pressure gradient is imposed from the Euler region 
and the initial condition follows from the blow-up structure of the TD stage.  
Such high Reynolds number flows can be observed for example at the leading edge 
suction side of a slender airfoil at a small angle of attack. The method of matched 
asymptotic expansions is used to analyze the Navier-Stokes equations. The resulting 
equations are solved by means of a spectral collocation method based on Chebyshev 
polynomials in wall-normal and streamwise direction. A backward Euler finite-
difference scheme is applied for the time discretization. 

a
Institute of Fluid Mechanics and Heat Transfer, TU Wien, 1060 Vienna, Austria

1Braun et al., J Eng. Math 128, 16 (2021) 
2Kuzdas and Braun, EFMC14 (2022)
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Non-resonant, non-intrusive, seed-less, single-shot and 
simultaneous temperature, density and flow velocity gas flow 
characterization with coherent Rayleigh-Brillouin scattering 

A. Gerakisa

Coherent Rayleigh-Brillouin scattering (CRBS) is a four-wave mixing diagnostic 
technique that relies on the creation of an optical lattice in a medium due to the 
interaction between polarizable particles and intense laser fields. Since it relies on the 
optical dipole force exerted by intense, frequency tailored optical potentials on the gas 
particles (atomic or molecular), it is a non-resonant technique and therofore does not 
require any seeding of the flow for measurements to be performed. Additionally, 
owing to its all-optical and non-ionizing nature, it is a non-intrusive technique, 
allowing for accurate flow characterization. Furthermore, due to the four-wave mixing 
nature of the technique, the CRBS signal beam is another laser beam which can 
”escape” the measurement area and thus enable accurate measurements in optically 
noisy environments such as combustion, flames and plasma. 

Single shot CRBS1, with single shot spectral acquisition times on the order of 
~150 ns, has been demonstrated to be the coherent analog of spontaneous Rayleigh-
Brillouin scattering in measuring the temperature, pressure, bulk and shear viscosity, 
speed of sound and polarizability of a gas or gas mixture2. Additionally, CRBS3 has 
facilitated the in situ measurements of ~5 nm nanoparticles produced in an arc
discharge. We report on our recent work in utilizing CRBS for neutral gas flow 
velocimetry with measurable velocities down to 5-10 ms-1, applicable to atomic and 
molecular gases and gas mixtures4. Additionally, we demonstrate the use of single shot 
CRBS as a plasma flow velocity, temperature and density measuring technique for 
neutral species in partially ionized gases. Finally, we report on the progress towards 
implementing a novel 1D measurement scheme for CRBS, which will enable the 
simultaneous measurement across line profiles. 

a
Materials Research & Technology Department, Luxembourg Institute of Science and Technology, 

L-4422, Belvaux, Luxembourg
1 Gerakis, A., Shneider, M. N., and Barker, P. F., “Single-shot coherent Rayleigh-Brillouin scattering

using a chirped optical lattice,” Opt. Lett., Vol. 38, No. 21, 2013, pp. 4449–4452. 
2 Gerakis, A., Shneider, M. N., and Stratton, B. C., “Remote-sensing gas measurements with coherent 

Rayleigh-Brillouin scattering,” Applied Physics Letters, Vol. 109, No. 3, 2016, p. 31112. 
3 Gerakis, A., Yeh, Y.-W., Shneider, M. N., Mitrani, J. M., Stratton, B. C., and Raitses, Y., “Four-

Wave-Mixing Approach to In Situ Detection of Nanoparticles,” Phys. Rev. Applied, Vol. 9, 2018, p. 
014031. 

4 Gerakis, A., Bak, J., Randolph, R., Shneider, M. N., “Demonstration of single shot laser velocimetry 
with coherent Rayleigh-Brillouin scattering”, AIAA Scitech 2021 Forum, 2021, p. 0224.
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Numerical studies of the transition in a flat-plate boundary layer 
under the influence of free-stream turbulence

K. Đurovića, P. Schlattera, A. Hanifia and D.S. Henningsona

Free-stream turbulence (FST) and its effect on boundary-layer transition is a 
complex multiscale problem. Turbulence intensity is strongly correlated with the 
transitional Reynolds number, but the characteristic length scales of the FST are often 
considered to impact only slightly the transition location. Conversely, a recent 
experiment by Fransson & Shahinfar (2020)1 shows significant effects of FST scales. 
They found that, for low turbulence intensity values, an increase in length scale advances 
transition, which agrees with the literature. However, for high turbulence intensities, an 
increase in length scale postpones transition. 

Here, we aim at physically understanding and verifying these results by performing 
a series of high-fidelity simulations. We study the effects of the free-stream turbulence 
characteristic length scales and intensity on the transition in an incompressible flat-plate 
boundary layer through direct numerical simulations. Computations are performed 
using the spectral element code Nek5000. The numerical setup corresponds to the 
experimental investigations1. Numerically generated homogeneous isotropic turbulence 
upstream of the leading edge is designed to reproduce the characteristics of the grid-
generated turbulence in the wind tunnel experiments using a synthetic homogeneous 
isotropic free-stream turbulence generation method. Various combinations of integral 
length scales are simulated. To ensure the quality of the data, classical turbulence 
statistics and integral quantities are carefully evaluated, showing close agreement with 
the corresponding experimental data. By analysing the time- and spanwise-averaged skin 
friction, we have found that, while keeping the FST intensity at a constant level of 3.4%, 
an increase of the integral length scale causes a delay of transition, which confirms the 
behaviour observed in the experiments1. 

a
Dep. Engineering Mechanics, KTH Royal Institute of Technology, Stockholm, Sweden 

1 Fransson, J., & Shahinfar, S.Journal of Fluid Mechanics, 899, A23. (2020).

Figure 1: Snapshots of wall-normal vorticity over the flat plate. All cases have the same 
turbulence intensity of 3.4 %, with the integral length scale decreasing from top to bottom, 
29.22mm, 20.39mm and 11.53mm, respectively. 
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Pressure as a dynamic variable in compressible liquid flow 
hydrodynamics at microscale 

M. Gionaa, G. Procopioa, A. Adrovera, R. Maurib

Recent advances in the short-time behavior of colloidal particles (highly resolved 
Brownian motion) suggest the need of an accurate description of fluid-particle 
interactions in simple liquids (water), accounting not only of the propagation of the 
shear stresses but also of compressibility effects. 
The latter may have important physical implications related to the possible violation 
of fundamental principles of statistical mechanics, such as the energy equipartition 
principle. In this regard, the definition of pressure and its constitutive equation as a 
function of density and of the scalar invariants of the deformation tensor play an  
fundamental role. 
The mechanical approach to Newtonian liquid flows at constant temperature is based 
on the assumption of incompressibility, in which pressure is an ancillary Lagrangian 
multiplier, and this determines the occurrence of physical paradoxes associated with 
the instantaneous stress propagation, as can be observed from the functional form of 
the hydrodynamic Green functions for the time-dependent Stokes flow. 
Alternatively, a constitutive equation of the form P=f(ρ), relating pressure P and 
density ρ, has been assumed  in order to account for acoustic effects. This approach  
displays shortcomings in the hydrodynamics of Poiseuille-like liquid flows in 
microchannels. 
In this contribution, we propose an alternative formulaton of liquid flow 
hydrodynamics in which the pressure is regarded as a full hydrodynamic variable, 
characterized by a proper evolution equation, coupled to the continuity equations and 
to the momentum density balance. 

a
Dip. Ingegneria Chimica Material Ambiente, La Sapienza Università di Roma, via Eudossiana 18, 

00184 Roma, Italy
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Dep. of Civil and Industrial Engineering, University of Pisa, Pisa Italy
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Péclet-number dependence of mixing strategies identified using 
multiscale norms 

Conor Heffernana, Colm-cille P. Caulfieldb,a

Mixing optimization of a passive scalar at finite Péclet number Pe=Uh/ (where U,h 

are characteristic velocity and length scales and  is the scalar diffusivity) is a 
fascinating problem relevant to many disciplines across science and engineering.  

Figure 1: Scalar (left) and vorticity perturbation (right) at t=0 (top) and t=5 (bottom) flows that optimise 
mixing for Pe=50 (one drop) and Pe=200 (4 drops) both showing the low Pe “ring”. 

While much work has focused on identifying structures at various values of Pe there 
has been less attention paid to how the underlying structure of the scalar relates to the 
mixing achieved via “optimal” perturbations. In this study, we begin to resolve this gap 
in the literature by focusing on two problems of interest. Our methods employ a 
nonlinear direct-adjoint looping approach (DAL) to compute fluid velocity fields which 
optimize a multiscale norm (representing the “mixedness” of our scalar) at a finite target 
time. The central question we aim to address is whether optimal structures aligning 
along scalar interfaces persist as scale is decreased. To this end, we examine the case of 
many “drops” on a 2-torus and investigate how the structure of optimal perturbations 
varies with appropriately scaled Péclet number. The structure of vortex alignment is 
common in mixing optimization problems1. We find that the “vortex ring” type of 
structure observed for a single drop is upheld as the number of drops and Pe increase. 
However, the structure breaks down at a limit with the distinct ring vortex alignment 
annihilated; the structure breaks down as the turbulent regime is approached at 
Pe=3200. We deduce from these results that the type of optimal mixing computed at 
low target time cannot be extended to smaller-scale structures which characterizes 
qualitatively different mixing dynamics. We end with a conjecture concerning whether 
an explicit mapping can be derived between these two different cases of Pe before 
structure is lost. 

a Department of Applied Mathematics & Theoretical Physics, University of Cambridge, Cambridge, CB3 
0WA, UK 
b BP Institute, University of Cambridge, Cambridge, CB3 0EZ, UK 
1 Heffernan, C. & Caulfield, C. P. in press  Phil. Trans. Roy. Soc. A  (2022).
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On the variation of kinematic viscosity in a flowing soap film 

Izhar H. Khana, K. Manoja, Sanjay Kumara, Kamal Poddara 

The critical Reynolds number, Recr for flow past a circular cylinder has been widely 

observed to be ~471. However, in the case of soap films, in a recent study2, Recr was 

found to be as low as 11 ± 2. It has been observed that the viscosity in a soap film, 

unlike in water or wind tunnels, varies with the flow parameters such as the freestream 

velocity, the diameter of the body, etc. In the present work, an attempt is made to study 

the relationship between flow velocity, the length scale of the obstacle and the viscosity 

of the soap film.  

Experiments are conducted in an inclined flowing soap film having a width of 12cm 

and length 120cm. The experiments are conducted in two parts, in the first set, the flow 

rate is held constant and the diameter of the cylinder is varied and in the next set, the 

diameter is held constant and flow rate is varied. For each trial, the velocity and the 

vortex shedding frequency are determined using the images captured by high speed 

camera and the corresponding Strouhal number is calculated. The St-Re curve from 

Williamson3 is used to determine the Reynolds number and hence viscosity. The 

viscosity is found to vary marginally with flow rate and significantly with diameter as 

shown in Figure 1. The above problem is being further investigated using PIV. 

a Department of Aerospace Engineering, IIT Kanpur, 208016, Kanpur, Uttar Pradesh, India 
1 C.H.K. Williamson, Annu. Rev. Fluid. Mech. 28, 477 (1996).
2 P. Roshan and X. L. Wu, Phys. Rev. Lett. 94, 054504 (2005).
3 C.H.K. Williamson, J. Fluid Mech. 206, 579 (1989).

Figure 1: (a) Kinematic viscosity versus diameter at different flow rates. (b) Kinematic viscosity 

versus flow rate for different diameters.  
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Anisotropic suppression of stratified mixing in shear layers 

J. C. Ringenbacha, S. F. Lewinb and C. P. Caulfieldb

Turbulent mixing is important for many oceanographic and atmospheric phenomena. 
Strong stratification significantly alters turbulent mixing phenomenology compared to 
the non-stratified situation. Although mechanistic understanding and accurate 
modelling of mixing in the ocean and in the atmosphere is key for developing, 
amongst others, accurate climate models, mixing in stratified turbulence remains a 
challenging problem.  

Lewin and Caulfield1 observed that in the decay stage of stratified turbulence, 
dissipation appears to follow a power-law decay with time. However, a mechanistic 
explanation for this scaling law and its exponent is lacking. We thus study the scaling 
of various turbulent quantities in DNS simulations of Kelvin-Helmholtz instability 
induced turbulence in a spanwise- and streamwise-periodic box. Varying both the 
stratification strength and the density fluctuations profiles, we find that the decay is 
compatible with an exponential scaling rather than the hypothesized power law.  

Assuming an exponential decay, we extract characteristic time- and length-scales 
associated with the decay of stratified turbulence and compare those to the classical 
scales associated with non-stratified turbulence. Moreover, we look at the relative 
importance of the different velocity components and observe a consistent anisotropy 
between the vertical and streamwise contributions. 
 Finally, we notice some secondary bursts in the turbulent dissipation, suggesting 
that there is a mechanism feeding turbulence in some manner. Hence, we look for a 
candidate displaying similar bursts earlier in the flow, supposing a causality relation 
with the turbulent dissipation. 

Figure 1: (a) Snapshot of the density fluctuations in the shear layer. (b) Fits of the turbulent 

kinetic energy and of (c) the turbulent dissipation and buoyancy flux. Exponential fits are 
displayed with a yellow dashed line, whereas the power law fits use a red dotted-dashed line. 

a ECPS, École Polytechnique Fédérale de Lausanne, 1015, Lausanne, Switzerland 
b DAMTP, University of Cambridge, CB3 0WA, Cambridge, United-Kingdom 
1 Lewin and Caulfield, J. Fluid Mech. 928, A20 (2021).

b) c) 
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Characterization and evolution of the recirculation bubble of a 
backward-facing step flow through different Reynolds number 

J.S. Pimienta a,b A. Giannopoulos a,b, J.-L. Aider a

The Backward-Facing Step (BFS) flow is considered and used as a relevant benchmark 
case for shear flows and separated flows1. Its relevance lies in its simple geometry, a 
downward step of height h, with a sharp edge, producing very complex fluid structures
such as a shear layer, vortex rolling/paring/shedding, formation of coherent structures, 
superimposed to a large recirculation bubble. In this study we characterize 2 the BFS 
flow in a gravity-driven hydrodynamic tunnel for Reynolds numbers ranging from 100 

to 3200 with a Reynolds step  𝛥𝑅𝑒ℎ = 100. For each Reynolds number, the flow is 
measured using PIV (Particle Image Velocimetry) in 11 horizontal planes distributed 
along the height of the BFS. It allowed us to perform a full 3D reconstruction of the 
volume of the time-averaged recirculation bubble at each Reynolds, and to observe the 
variation of the average recirculation area at each plane of measurement. We could also 
study the variation of the dynamics and frequencies of the flow throughout the different 
heights and Reynolds numbers by observing the fluctuations of turbulent kinetic energy 
on the instantaneous velocity fields, the power spectra of the flow, as well as modal 
analysis. Analysis of the instantaneous velocity fields allowed us to observe for first time 
the occurrence of turbulent spots close to the frontier of the instantaneous recirculation 
bubble through different Reynolds numbers, which seems to be a key phenomenon in 
the transition process towards turbulent flow. The 2D2C PIV measurements were 
performed using an Optical-Flow based code developed in collaboration with Photon 
Lines, allowing for rapid computation of dense vector fields3.  

a
PMMH Laboratory, UMR 7636 CNRS, ESPCI Paris - PSL, Paris Sciences Lettres, Sorbonne 

Université, Campus Jussieu, 7-9 quai Saint-Bernard, 75005, Paris, France.
b  

Photon Lines, 34 rue de la Croix de Fer, 78100, Saint-Germain-en-Laye, France.
1  Aider et al., Journal of Turbulence, 8, N51, (2007).
2  Gautier and Aider.  Proc. R. Soc. A. 469 (2013).
3  Giannopolous et al.  Exp in Fluids. 63, 57 (2022).

Figure 1: (left) Instantaneous spanwise and streamwise velocity fields in an horizontal plane (z = 
0.8 h). (right) Time-averaged 3D velocity magnitude at Reh = 2900. 
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Combined inertially- and thermally- driven atmospheric flows in 
urban street canyon cavities: laboratory experiments and 

dynamical analysis 

P. Mouzouridesa, C. Marakkosa,b and M. K.-A. Neophytoua

This study aims to investigate the induced flow within an urban street canyon under the 
combined influences of buoyancy (thermal)-driven forcing and the inertial forcing. The 
corresponding results will be used to define strategies for pollution and heat removal 
from the street canyons1, and consequently to an environmentally and sustainable urban 
design, resilient to climate change. Scaled-down models of typical street-canyon cavity 
geometries were developed and deployed inside a water channel where different 
ambient atmospheric conditions were simulated using dimensional analysis and 
similarity criteria. Three model street-canyon cavities were examined, with height-to-

width (aspect) ratios - 
𝐻

𝑊
=

2

3
, 1,2. To the best of our knowledge, results for 

𝐻

𝑊
of 

2

3
 and 

2, were not experimentally studied before. 
A water channel apparatus and the Particle Image Velocimetry technique were used 

to acquire velocity vector fields across the middle vertical planar cross-section of the 
canyon. An appropriately - defined non-dimensional buoyancy parameter2 including the 
canyons aspect ratio and the temperature difference between the leeward and windward 
street canyon surfaces, shows that there is a critical value, where the in-canyon flow is 
dominated or not, by inertial forces respectively. The flow formations obtained in 
different geometrical configurations is shown in Figure 1. In all cases, a main vortical 
structure is present in the velocity fields, with a secondary vortex emerging under 
various buoyancy forces. The results are in agreement with relevant field studies2, wind 
tunnel3 and computational simulations4. 

a Laboratory - Isle of Excellence of Environmental Fluid Mechanics, Department of Civil and 
Environmental Engineering, School of Engineering, University of Cyprus, Nicosia, Cyprus  

b Energy and Environment and Water Research Center, The Cyprus Institute, Nicosia, Cyprus 
1 Panagiotou, I. et al. Sci. Total Environ. 442, 466–477 (2013) 
2 Dallman. et al. Build. Environ. 80, 184–191 (2014) 
3 Allegrini et al., Build. Environ. 59, 315–326 (2013) 
4 Park et al. J. Appl. Meteorol. Climatol. 51, 829–841 (2012) 

Figure 1: Visualization of the time-averaged streamlines, inside and outside the canyon for ratio 
H/W = 2/3 (left), H/W = 1 (middle) and H/W = 2 (right) under different Reynolds and 
buoyancy parameter, B, values. 
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An Idealised Quasi-Geostrophic Model of Monsoon Depressions 

A. K. Chaudhriab, M. P. Byrneac and R. K. Scottb 

Monsoon depressions are low-pressure systems with a diameter of roughly 
2000km that propagate westward/northwestward through summertime monsoon 
regions. Monsoon depressions are the focus of substantial research due to their strong 
hydrological signal and impact on the livelihoods of a large proportion of the global 
population. Numerous mechanisms have been proposed to explain the growth and 
propagation of monsoon depressions, from mass overturning driven by moisture 
convergence to moist baroclinic or barotropic interactions with the background 
state. Here we pursue a new & complementary approach and use a simple model to 
investigate the behaviour of prototype monsoon depressions over a wide range of 
parameters.  

In particular, we develop an idealised model based on the single-layer moist 
Boussinesq shallow water equations under the quasi-geostrophic (QG) 
approximation. The model comprises simple coupled equations for potential vorticity, 
temperature, and specific humidity. These equations couple heating and thermal 
gradients to vorticity. We compare numerical solutions of the QG model and linear 
stability analyses of small amplitude perturbations on a beta plane around 20°N, with 
background conditions inspired by the observed climatological state over South Asia. 
From these results, we diagnose Rossby-like and moist-thermal waves and find growth 
in precipitating modes and a summer-winter disparity in propagation: westward in 
summer and eastward in winter. For large-amplitude depressions our simple model 
simulates credible dynamics: propagation is inhibited in winter, while in the summer 
westward propagation speeds are broadly consistent with observations, energy is 
drawn from the background state, and organised precipitation occurs to the west of 
the depression centre. The incorporation of a wind-induced evaporation feedback 
provides additional growth of the disturbance, as suggested by Diaz & Boos (2019)1. 
Our model provides a conceptual framework for interpreting the growth and 
dynamics of monsoon depressions in different background states. 

a School of Earth and Environmental Sciences, University of St Andrews, UK 
b School of Mathematics and Statistics, University of St Andrews, UK 
c Department of Physics, University of Oxford, UK 

1 Diaz and Boos, Quarterly Journal of the Royal Meteorological Society. 145, 2666 (2019).
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Large eddy simulation of the flow over the city of Turku, Finland

J.-P. Keskinen1, M. Auvinena, and A. Hellstena 

Flows over urban surfaces are of interest due to a variety reasons including air quality, 
city planning, and heat stress. In the present work we use large eddy simulation to 
study the flow past the city of Turku (Finland), with a focus on the student village. 
Turku is located at the coast of southwestern Finland and the student village is 
situated a small distance east from the densely built central area of the city. The 
student village consists of buildings of varying sizes and there is also a significant 
amount of trees and other vegetation. The terrain is mostly flat.  
 We use the PALM 6.0 model1 for the simulations. PALM is a highly parallelisable 
code that has been developed for the simulation of different kinds of atmospheric and 
oceanic boundary layer flows as well as urban flows. In order to simulate all relevant 
scales, we utilise PALMs nesting feature2 where domains of finer resolution are 
embedded within a larger and  coarser domain.  
 The coarsest of the nested domains spans the whole city with a resolution of 16 
metres while the finest domain contains only the Student village with a resolution of 4 
metres. This setup allows us to capture both the large, city-scale flow features and the 
small scales in the flow between the buildings. Information on the terrain, building, 
and tree height was obtained from a LIDAR campaign performed earlier and provided 
to us by the city of Turku. In our simulations, the buildings and the terrain are 
considered as solid obstacles while the trees are realised as porous matter (momentum 
sinks). The flow is driven using a pressure gradient.  

1
Finnish Meteorological Institute, P.O. Box 503, 00101 Helsinki, Finland

1  Maronga et al., Geosci. Model Dev. 13, 1335, (2020). 
2  Hellsten et al., Geosci. Model Dev. 14, 3185, (2021). 
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Abrupt transition from slow- to fast-melting of ice 

Rui Yanga, Kai Leong Chonga, Hao-Ran Liua, Roberto Verziccoa, and 
Detlef Lohsea

How fast ice melts in turbulent flows is key to many natural and industrial 
processes, most notably the melting of ice in the polar regions, e.g., subglacial lakes, 
ice floes, and melt ponds1,2. Previous work has thoroughly investigated the melting in 
convective flows with density linearly depending on temperature. In contrast, there are 
only a few studies with the density anomaly of fresh water, which has a maximum at 
4oC near the melting point3. 

To get a better quantitative understanding of the physical mechanics at play at ice 
melting, we picked vertical convection as model system, consisting of ice and fresh 
water, and examine the lateral melting behaviour through numerical simulations. We 
find that the melting rate of ice as function of an increasing heating temperature 
undergoes an abrupt transition from a slow- to a fast-melting state, contrary to the 
intuition of a gradual transition. The abrupt transition of the ice melting rate is due to 
the emergence of a reversed buoyant flow, due to the density anomaly of water near 
the melting point. A theoretical model based on energy conservation gives rise to a 
universal expression to relate the global heat fluxes and the ice melting rate. It is 
consistent with our data and has predictive power. Besides their fundamental 
significance, our findings also improve our understanding on how phase transitions 
couple to adjacent turbulent flow. 

Figure 1: (a) The overall melting rate f (inverse time from complete ice to complete water), 
normalized by the overall melting rate at 4oC, as a function of the heating temperature Th. (b-e) 
The instantaneous flow and temperature fields with different Th. The white dashed lines show 
the contour lines of T = 4oC and the solid lines show the solid-liquid interfaces. 

a Physics of Fluids Group, University of Twente, P.O. Box 217, 7500AE Enschede, The Netherlands 
1 Popović et al., Phys. Rev. Lett. 120, 148701 (2018).
2 L.-A. Couston and Siegert, Sci. Adv. 7, eabc3972 (2021).
3 Wang et al., Proc. Natl. Acad. Sci. 118, 10 (2021).
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Topography of melting solids in highly turbulent convection 

Rui Yanga, Christopher J. Howlanda, Hao-Ran Liua, Roberto Verziccoa, 
and Detlef Lohsea 

The stability of ice shelves is closely related to the topography of their bases, which 
have rough topographical features including channels and crevasses. As an important 
part of climate change research, basal ice melting has received increasing attentions1. 
One of the main factors responsible for the roughness is the under-ice convective 
flow driven by warm water, which is found to play an important and previously 
neglected role in the heat balance of ice melting. The interaction between the melting 
processes and turbulent flows is also an interesting physical problem, due to the 
coupling to thermodynamics and phase transition. A fundamental question is how to 
quantify the evolution of the basal topography. 

In this work we study the melting solids in highly turbulent Rayleigh-Bénard 
convection, which considers a fluid layer confined between a cold top and a hot 
bottom plate. We model the melting process due to turbulent convection and 
quantitatively describe the roughness of the topography by direct numerical 
simulations coupled with the phase-field method. We find that rough topography is 
generated spontaneously by thermal convection. The roughness increases as the 
convective flow intensifies. In previous studies, under relatively weak thermal 
convection, the region above hot plumes melts faster than that above cold detaching 
plumes2. However, we observe the opposite for strongly turbulent convection, i.e., the 
region of cold detaching plume melts faster. We find that the roughness amplitude 
follows a universal 1/3 scaling with the thermal driving strength (Rayleigh number 
Ra). We further quantify the horizontal scale of the topography based on the 
theoretical upper and lower bounds given for the size of the convective cells in our 
previous work3, which agrees well with our simulation results.  

Figure 1: (a) Visualizations of the 3D temperature field at Ra = 109. (b-d) The 2D slice of 
temperature fields from different time (time increases from (b) to (d)). (e-g) The contour map 
of the ice interface corresponding to the time in (b-d).  

a Physics of Fluids Group, University of Twente, P.O. Box 217, 7500AE Enschede, The Netherlands 
1 Karlsson et al., Nat. Comm. 12, 1 (2021).
2 Favier et al., J. Fluid Mech. 858, 437 (2019).
3 Wang, Verzicco, Lohse, Shishkina, Phys. Rev. Lett. 125, 074501 (2020).
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Dynamics of the atmospheric cloud particles and its impact on 
ambient scalar transport

T. Bhowmick1,2, O. Malaspinas3, Y. Wangb and
E. Bodenschatzb

Atmospheric particles, such as, water droplets, ice crystals, and aerosols (dust, pollen, 
pollutants, etc.) have impacts on both local weather and global climate. Therefore, 
understanding the dynamical interactions of these particles are the prerequisite for more 
realistic weather and climate predictions [1]. Direct numerical simulations are performed 
using the lattice Boltzmann method, immerse boundary method and a grid refinement 
algorithm to capture the flow field and orientation dynamics of the micron to millimetre 
sized atmospheric particles. Simulations of the fluid velocity and transported scalar 
(temperature or water vapour) fields show the existence of various wake stability 
regimes (Fig 1) [2], depending on the particle’s Reynolds number (Re = particle size * 
relative velocity / kinematic viscosity), shape and size, as well as ambient fluid to particle 
density ratio. Complex flow structures of the high Re cases influence the vapour and 
temperature diffusion in the particle wake, resulting to supersaturation (excess water 
vapour) pockets, that interacts and influences the evolution of the ambient cloud 
aerosols [3]. 

1
Inst. Dynamics of Complex Systems, Georg August University Goettingen, 37077 Goettingen, 

Germany.
2
 Max Planck Institute Dynamics & Self-Organization, 37077 Goettingen, Germany.

3
Dep. Computer Science, University of Appl. Sciences Western Switzerland, 1202 Geneva, 

Switzerland.
1 Stevens and Bony, Science 340, 6136 (2013). 
2 Bhowmick et al., Symmetry 12, 1498 (2020). 
3 Bhowmick et al., Geophys. Res. Lett. 47, e2020GL091179 (2020). 

Figure 1: Streamlines at Re = 150, 225 and 285 colored according to the dimensionless 

streamwise component of fluid velocity u. 
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Experimental properties of continuously-forced, shear-driven, 
stratified turbulence 

Adrien Lefauvea, Paul Lindena 

We study experimentally the properties of exchange flows in a stratified inclined 
duct (SID), which are simultaneously turbulent, strongly stratified by a mean vertical 
density gradient, driven by a mean vertical shear, and continuously forced by gravity. 
We focus on the ‘core’ shear layer away from the duct walls, where these flows are 
excellent experimentally-realisable approximations of canonical hyperbolic-tangent 
stratified shear layers. The natural forcing provided by the small tilt angle of the duct 
allows the mean and turbulent flow properties to reach quasi-steady and highly-
dissipative states. This makes our experiments relevant to the community research 
effort on geophysical stratified turbulence, which requires an integrated combination 
of field observations, numerical simulations, and laboratory experiments. 

We analyse 16 high-resolution datasets of the time-resolved density and velocity 
simultaneously in three-dimensional sub-volumes by scanning particle image 

velocimetry (PIV) and laser induced fluorescence (LIF).1 These dataset (made freely

available2) cover a range of distinct flow regimes, from Holmboe waves, to
intermittent turbulence, to full turbulence (see, e.g., figure 1). 

In this talk, we focus first on the self-organisation properties of the flows, wherein 
more strongly turbulent flow tend to an asymptotic state characterised by a uniform 
gradient Richardson number of order 0.1-0.2 across the entire shear layer. We then 
summarise our results on turbulent energetics and mixing statistics. We derive the 
kinetic and scalar energy budgets and explain the specificity and scalings of SID 
turbulence. We assess the relevance of standard mixing parameterisations models, and 
we compare representative values with the stratified mixing literature. The dependence 
of these measures of mixing on controllable flow parameters provides asymptotic 
estimates that may be extrapolated to more strongly turbulent flows.  

Figure 1. Example snapshot of 3D streamwise velocity (u) and density () data 

a
DAMTP, University of Cambridge, Wilberforce Road, Cambridge CB3 0WA, United Kingdom 

1
Partridge, Lefauve & Dalziel, Meas. Sci. Tech. 30, 055203 (2019)

2
Lefauve & Linden [Dataset] https://doi.org/10.17863/CAM.75370 (2022)
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Experimental characterization of the flow inside a rotating tangent 
cylinder
Rishav Agrawala, Alban Potherata and Martin Holdswortha 

The Earth's rotation results in a Taylor-Proudman constraint to its liquid core, which 
creates an imaginary cylindrical boundary inside the liquid core tangent to the solid 
core. This imaginary ‘tangent cylinder' (TC) extends up to the core-mantle boundary 
(shown in figure 1a) and opposes the exchange of fluids. A few studies1234 have been 
carried out to study the effect of TC on the flow dynamics in the Earth's liquid core, 
however, there are still many open questions, for example, what are the possible 
convective states inside TC and how they behave? Answering these questions might 
provide a better insight into the Earth's core convection.  
The present study aims to explore flow dynamics inside the Earth's TC 
experimentally. To create a TC, an electrically conducting fluid is to be simultaneously 
subjected to rotational, magnetic and buoyancy forces. This is achieved by heating a 
cylinder filled with sulfuric acid from the bottom and cooling it from the outside 
(buoyancy), placing it atop a rotating platform (rotating force) and then placing the 
entire platform inside a magnet (magnetic force). A schematic of the experimental set-
up is shown in figure 1(b). Sulfuric acid is used as the working fluid as it has a high 
electrical conductivity and is also transparent which enables us to utilize Particle Image 
Velocimetry (PIV) technique. Both horizontal and vertical planes inside the TC are 
visualized using 2D-PIV measurements. We show that the TC separates two regions 
of the flow: while the inner region displays Rayleigh-Benard plumes subject to 
thermally driven azimuthal wind, the outer zone is driven by the homogeneous cold 
temperature on the outer boundary of the fluid vessel. This new setup enables us to 
highlight the detailed topology of both flows and their evolution from the well-known 
onset states towards a chaotic behaviour in more supercritical regimes. 

a Fluid and Complex Systems Research Centre, Coventry University, Coventry CV1 5FB, UK
1 Aurnou et al., Earth Planet. Sci. Lett. 212, 119 (2003). 
2 Aujogue et al., Rev. Sci. Instrum. 87, 084502 (2016). 
3 Schaeffer et al. Geophys. J. Int. 211, 1 (2017). 
4 Aujogue et al., J. Fluid Mech. 843, 355 (2018). 

Figure 1: (a) Schematic representation of the Earth's core. (b) Schematic of the vertical cross-
section of the experimental geometry. TH and TC are the temperatures at the heater surface and 
the physical cylinder surface, respectively. Ω is the rotation speed and g is the gravity. Blue 
dotted lines represent lateral boundary of the TC. 
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Dynamics of a stratified vortex under the complete Coriolis force 
I. Toghraeia, P. Billanta

In theoretical geophysical fluid dynamics, the effect of the planet rotation is generally 
studied by considering a local Cartesian frame at a given latitude φ and by taking into
account only the rotation component along the vertical. Yet, the Coriolis force 
associated with the rotation component along the horizontal may have notable effects 
in some circumstances1. In this context, we study numerically and analytically the 
dynamics of a single vertical lamb-Oseen vortex in a stratified-rotating fluid under the 
complete Coriolis force. 
For Froude numbers Fh greater than unity, a critical layer appears in the vertical

velocity field at a radius where the angular velocity of the vortex is equal to the 
buoyancy frequency (Fig. 1 (a,b,c,d)). In turn, this critical layer affects the vertical
vorticity and destabilizes the flow in a two-dimensional manner (Fig. 1 (e,f,g,h)). This
new phenomenon is observed only for sufficiently large Reynolds number Re and

horizontal component of rotation, f ′/2  Ωb cos(φ), where Ωb is the planet's rotation
rate. To delve into the mechanism of this process, two asymptotic analyses have been 

performed for small f ′, assuming either an inviscid flow or a viscous but stationary
flow. The early stages of the vortex evolution are well predicted by the non-viscous 
analysis while the final stages are well described by the viscous stationary analysis. 
These analyses show that an inflection point arises in the vorticity profile and a shear 

instability is subsequently triggered. This occurs even for a small value of f ′. Hence,
the non-traditional Coriolis force might have a large impact than expected at first 
sight. The possible onset of a three-dimensional instability2 will be also discussed. 

a
LadHyX, CNRS, École polytechnique, Institut Polytechnique de Paris, 91120 Palaiseau, France 

1 Gerkema et al., Rev. Geophys. 46, RG2004 (2008).
2 Boulanger et al., J. Fluid Mech. 583, 443 (2007).

Figure 1: (a,b,c,d) Vertical velocity and (e,f,g,h) vertical vorticity at four different times for

Re=2000, Fh =10, Ro = 23.1, Ro′=40  where Ro and Ro′ are the Rossby numbers based on

the vertical and horizontal components of rotation, f and f ′, respectively.
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Secondary motions induced by two-dimensional heterogeneous 
surface temperature in stably stratified channel flow: effects on 

friction and heat transfer 

T. Bona, D. Broosa, J. Meyersa

Prandtl’s secondary motions of the second kind are known to be excited in flows over 
spanwise heterogeneous roughness. Very recently, it has been demonstrated that 
secondary flows also occur in (stably- or unstably) stratified channel flow over 
surfaces with spanwise heterogeneous temperature1 or heat flux2.  
 In order to explore how these secondary vortices depend on the streamwise extent 
of these spanwise heterogeneous patches, we performed a set of direct numerical 
simulations of pressure-driven stably stratified channel flow with two-dimensional 
heterogeneous surface temperature at Reτ=180, Riτ=120. The spanwise heterogeneity
length scale (or patch width, λy in Fig. 1) is kept constant, while the streamwise
heterogeneity length scale (or patch length, λx) is varied. We compare the time-
averaged flow fields, skin friction and heat transfer are compared to a case with only 
spanwise heterogeneity (“λx=∞”) and a completely homogeneous case1.

We find that secondary vortices are sustained above the finite-length temperature 
patches, although a shift in the spanwise location occurs at the streamwise 
temperature transition. The intensity of the secondary motions then gradually 
increases along the streamwise direction. Comparison of the domain-averaged 
streamwise vorticity (|ωx|) and dispersive stresses (<ui’’ui’’>) reveals that the overall
strength of the secondary motions decreases as the patch length decreases. Further, as 
λx decreases, the friction coefficient decreases and heat transfer increases, approaching
the values of a homogeneous channel flow. Hence, there is a clear correlation between 
the strength of thermally-induced secondary motions and vertical heat and 
momentum transport. We show that these secondary motions do not only depend on 
the spanwise patch width, but also on a streamwise heterogeneity length scale. 

a
Dep. Mechanical Engineering, KU Leuven, Celestijnenlaan 300, 3001 Leuven, Belgium 

1 Bon and Meyers, J. Fluid Mech. 933, A57 (2022). 
2 Salesky et al., J. Fluid Mech. 943, A46 (2022).

Figure 1: Left: imposed surface temperature. Right: yz-plane at x/h≈6 (location indicated by 

the dashed line in the left figure) of u’’ normalized with bulk velocity ub, where u’’ is the 
deviation of the streamwise velocity from the horizontal average. Vectors indicate in-plane 

secondary vortices. 
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An improved ‘stratified inclined duct’ (SID) for the acquisition of 
volumetric velocity and density data in stratified turbulence

Gaopan Konga, Xianyang Jianga, Adrien Lefauvea, 
Stuart Dalziela, Paul Lindena 

Highly-dissipative (turbulent) stratified shear flows are central to a range of 
environmental problems. Laboratory experiments allow investigation of these flows 
under controlled conditions, and thus remain crucial to better understand them, 
especially when suitably combined with field observations and numerical simulations. 

The stratified inclined duct (SID) experimental paradigm, developed in the G. K. 
Batchelor Laboratory, allows us to sustain long-lived stratified turbulence inside a long 
duct connecting two reservoirs containing solutions at different densities.   

Historically, the first setup dating back to 2013, used simple shadowgraphy for the 
qualitative characterisation of the different flow regimes.1 The second generation of 
setups, from 2016, allowed the acquisition of cutting-edge volumetric velocity and 
density datasets 2  using a novel scanning method and simultaneous particle image 
velocimetry (PIV) and laser induced fluorescence (LIF).3  

In this talk, we introduce the third, improved generation of setup (figure 1). We 
explain the advantages conferred by the much larger reservoirs (400 litres each), lack of 
free surface (rigid lids), optical clarity of the duct, and an accurate lifting crane allowing 
for on-the-fly tilt angle variations. We will also introduce the in-house development of 
faster scanning optics, high-bandwidth cameras to bring about a new generation of 
high-speed, high-resolution datasets of stratified turbulence. 

Figure 1: (Left) Schematics of the SID flow and measurement from a side and a top view. 

(Right) Photograph of the new large-scale setup. 

a DAMTP, University of Cambridge, Wilberforce Road, Cambridge CB3 0WA, United Kingdom 
1 Meyer & Linden, J. Fluid Mech. 753, 242-253 (2014)
2 Lefauve, Partridge & Linden, J. Fluid Mech. 875, 657-698 (2019)
3 Partridge, Lefauve & Dalziel, Meas. Sci. Tech. 30, 055203 (2019)
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Surface layer turbulence response to spanwise heterogeneous 
vegetative canopies 

E. Winiarskaa, R. Soffera, H. Klopferb, R. van Houtb, and D. Liberzona

When the prevailing geostrophic flow is parallel to the vegetative canopy heterogeneity, 
large secondary spanwise circulations emerge within the flow that affect surface fluxes 
of momentum, heat, and mass1. By means of wind-tunnel measurements, the influence 
of spanwise heterogeneity on the possible appearance of secondary circulations and 
their effect on evaporative fluxes is investigated. The experiments were performed in 
the environmental wind-tunnel (Fig.1), a 5-m long canopy, modeled after available leaf-
area index data for corn, consisted of triangular perforated sheet elements (h = 20 cm) 
arranged in an in-line setup. The atmospheric boundary layer conditioned by spires and 
a shear generator has a boundary layer thickness of about 3.5h. Flow field was measured 
by hot wire anemometry and stereo-PIV, resolving the turbulent flow characteristics 
both spatially and temporally. Measurements were performed at a bulk flow velocity of 
3.0 m/s (Reh = 38400). Several sets of stereo-PIV measurements in fifteen wall-parallel 
planes positioned between 0.5h to 1.5h were acquired and analyzed. In addition, the 
evaporation rates at various locations within the canopy were obtained by means of in-
house made sensors. Measurements were performed for a homogeneous canopy and 
one that exhibited spanwise heterogeneity under several bulk flow conditions. 
Turbulent flow characteristics, including turbulence production terms will be presented. 
The effect of the heterogeneity on the coherent structures near the canopy top were 
analyzed using quadrant and spectral analyses. 

a Faculty of Civil and Environmental Engineering, The Technion—Israel Institute of Technology 
b Faculty of Mechanical Engineering, The Technion—Israel Institute of Technology 
1 Anderson et al., J. Fluid Mech. 768, 316 (2015). 

Figure 1: Overview of wind-tunnel setup. 
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Axisymetric internal waves attractor experiments to excite 
instabilities in an enclosed basin

Corentin Pacarya, Sylvain Joubauda, and Thierry Dauxoisa 

 Due to the peculiar dispersion relation of oceanic inertia-gravity waves, their 
reflection on an inclined slope differs from the Snell-Descartes law leading to 
geometrically focused (or defocused) beams.  

Inside a closed domain, successive focusing reflections may result in the formation 
of an attractor, a limit cycle for the beam. Energy being concentrated along this 
structure, (weakly) non-linear regimes can be reached, mostly through triadic 
interactions, and wave turbulence conditions are expected1. 

Attractors have been experimentally observed and extensively studied mainly in a 
2D trapezoid geometry, for both inertial waves and internal gravity waves. In parallel, 
experiments and numerical simulations recently extended the study of inertia-gravity 
waves along these lines to three-dimensional geometry, and attractors have been 
recently observed in an axisymmetric 3D cylindric shell2. 

A new experimental setup using a truncated conical shaped tank allows the 
formation of inertia-gravity waves attractor in a more open geometry. By increasing 
the amplitude of the forcing, one can observe an evolution of the attractor 
characteristics and the apparition of waves at frequencies different from the forcing 
one. Preliminary results suggest that most results obtained in 2D can be generalised in 
this less constrained geometry. 

a
Univ Lyon, ENS de Lyon, CNRS, Laboratoire de Physique, F-69342 Lyon, France 

1 Davis et al., Physical Review Letters, 124, A12 (2021)
2 Boury et al., Journal of Fluid Mechanics, 926, A12 (2021)
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Data-driven identification of turbulent oceanic mixing from 
observational microstructure data 

M. M. P. Couchmana, B. Wynne-Cattanachb, M. H. Alfordb, C. P.
Caulfielda, R. R. Kerswella, J. A. MacKinnonb and G. Voetb

Understanding the degree to which turbulence enhances the irreversible mixing of 
scalars in density-stratified fluids is a central problem in geophysical fluid dynamics. 
Of particular importance is accurately parametrizing how turbulence facilitates vertical 
heat transport within the ocean, a leading area of uncertainty in global climate models. 
We here present a novel data-driven technique for analyzing observational 
measurements of ocean turbulence that uses an unsupervised clustering algorithm to 
identify fluid regions with similar measured characteristics automatically, yielding 
insight into the underlying mechanisms driving mixing. Applied to microstructure data 
collected near the Velasco Reef in Palau, our clustering algorithm discovers spatial and 
temporal correlations between the mixing characteristics of a fluid patch and its depth, 
proximity to the reef and the background current. Our results highlight that relatively 
rare, but extreme turbulent events have the potential to dominate bulk mixing 
statistics, suggesting that current parametrizations of oceanic heat transport may be 
skewed by undersampling. A complementary analysis of direct numerical simulations 
of stratified turbulence is briefly discussed, revealing insight into mixing dynamics on 
length scales that are not yet resolved by oceanographic measurements.  

a DAMTP, University of Cambridge, Wilberforce Rd, Cambridge, UK 
b Scripps Institution of Oceanography, University of California San Diego, San Diego, CA, USA 

Figure 1: Spatial distributions of the five clusters (coloured) detected when the 
clustering algorithm OPTICS is applied to measurements of the background buoyancy 
frequency (N2) and turbulent dissipation rates of kinetic energy (𝜀) and thermal 
variance (𝜒) collected off the Velasco Reef, Palau.  
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Stratified shear flow control by internal hydraulic effects: 
DNS and link to transition 

Lu Zhua, Amir Atoufia, Rich R. Kerswella, John R. Taylora, Adrien 
Lefauvea, Stuart B. Dalziela, Gregory. A. Lawrenceb and Paul F.Lindena 

Stratified shear flows are key to many environmental fluid systems. The stratified 

inclined duct (SID) experimental paradigm1,2,3,4, in which a long, possibly sloping,
duct connecting two reservoirs of different density fluid allows us to study such flows 
with an internal forcing mechanism. Sustained driving of mixing is achieved in SID as 
mixed fluids leave the area and new unmixed fluid enters. The experimental 
investigation of SID has revealed a series of transition regimes, but the transition 
mechanism has not been fully established.  

In this study, we attempt to understand the diverse transition in SID from a 
numerical perspective. We introduce the first accurate 3D DNS. Suitable forcing 
method and boundary conditions allow us to maintain steady exchange flows for an 
arbitrarily long time at a minimal computational cost. We explore the regime 

transitions in the parameter space spanned by the Reynolds number (Re ~ 103) and

the duct tilt angle . In agreement with experiments, four major qualitative flow 
regimes are observed: the laminar regime; the wave regime; the intermittent regime; 
and the fully turbulent regime (see figure 1). Regime transitions in DNS happen when 
the non-dimensional exchange mass flux Qm across the duct’s cross-section reaches
0.5, which is consistent with the critical Qm violating Long’s stability criterion, as
predicted by the two-layer hydraulic model. It thus provides insight into the critical 
role of hydraulics in the transition to turbulence. 

As an illustrative example, our newly developed numerical model found a strong 
connection between the internal hydraulics and the transition of stratified shear flows 
in SID. This hydraulic-dominated transition may exist in many fluid systems and will 
need further investigations. 

Figure 1: Snapshots in the wave (top), intermittent (middle) and turbulent (bottom) regimes. 

a DAMTP, University of Cambridge, Wilberforce Road, Cambridge CB3 0WA, United Kingdom 
b Dpt of Civil Engineering, University of British Columbia, Vancouver, Canada V6T 1Z4  
1 Meyer, et al. Journal of Fluid Mechanics 753 (2014): 242-253. 
2 Lefauve, and Linden.  Journal of Fluid Mechanics 893 (2020).
3 Lefauve, et al. Journal of Fluid Mechanics 875 (2019): 657-698.
4 Lefauve, et al. Journal of Fluid Mechanics 848 (2018): 508-544.
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Stably-stratified square cavity subjected to horizontal oscillations

H. Grayer IIa, J. Yalimb, B. D. Welfertb and J. M. Lopezb

The response of a stably-stratified liquid-filled two-dimensional square cavity subjected 
to horizontal oscillations is studied numerically using the Navier-Stokes with the 
Boussinesq approximation for forcing frequencies less than the buoyancy frequency. 
Direct numerical simulations (DNS) for fixed small amplitude forcing reveal 
synchronous limit cycles. As viscosity is decreased, the response flow tends to appear 
less smooth with either piecewise constant or piecewise linear vorticity, depending on 
the forcing frequency. In this talk, these viscous nonlinear solutions are shown to be 
well described by weak solutions obtained via a perturbation analysis in the inviscid 
limit. Preliminary numerical evidence of the persistence of these solution structures in 
three-dimensional containers of finite spanwidth is also presented. 

Figure 1: Schematic of the stably stratified square cavity under harmonic horizontal forcing, 
together with the effective gravity vector geff relative to the horizontally oscillating cavity. The
insert is a snapshot of the vorticity at a particular forcing frequency. 

a Program in Applied and Computational Mathematics, Princeton University, Princeton, NJ 08544, USA 
b School of Mathematical and Statistical Sciences, Arizona State University, Tempe, AZ 85287, USA 
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Breaking of internal waves parametrically excited by ageostrophic 
anticyclonic instability 

Yohei Onukiab, Sylvain Joubaudb, Thierry Dauxoisb 

At the ocean’s O(1-10)km scale motions, a gradient-wind balanced flow with an
elliptic streamline parametrically excites internal inertia-gravity waves through 
ageostrophic anticyclonic instability (AAI). This study numerically investigates the 
breaking of internal waves and the following turbulence dissipation resulting from the 
AAI. In our simulation, we periodically distort the calculation domain following the 
streamlines of an elliptic vortex and integrate the equations of motion using a Fourier 
spectral method. This technique1 enables us to exclude the overall structure of the 
large-scale flow field from the computation and concentrate on resolving the small-
scale waves and turbulence. 

From a series of numerical experiments, we identify two different scenarios of 
wave breaking. First, when the instability growth rate is high, the primary wave 
amplitude excited by AAI quickly goes far beyond the overturning threshold and 
directly breaks. The final state is thus strongly nonlinear quasi-isotropic turbulence. 
Second, if the growth rate is relatively low, weak wave-wave interactions begin to 
redistribute energy across frequency space before the primary wave reaches a breaking 
limit. Then, after a sufficiently long time, the system approaches a Garrett-Munk-like 
stationary internal wave spectrum, in which waves break at finer vertical scales. 

In both experimental conditions, the growth and decay time scales of the primary 
wave energy are well correlated. However, since the primary wave amplitude saturates 
in one scenario but not in the other, the energy dissipation rate exhibits two types of 
scaling properties. For the unsaturated case, the maximum amplitude of the primary 
wave is roughly proportional to the square root of its growth rate, as expected from 
the weak turbulence theory. 

a
Research Institute for Applied Mechanics, Kyushu University, Kasuga, Fukuoka, Japan.

b
Univ Lyon, ENS de Lyon, CNRS, Laboratoire de Physique, Lyon, France. 

1 Onuki et al. J. Fluid Mech. 915 A77 (2021).

Figure 1: Result of a numerical simulation. Breaking internal gravity wave is visualized by 
coloring density and isopycnal surfaces. 
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Turbulence in stratified horizontal shear layers 

S. F. Lewina and C. P. Caulfield*,b 

The stabilising presence of a density stratification in the ocean profoundly modifies the 
dynamics of turbulence and the vertical mixing it facilitates. We investigate the dynamics 
of turbulence produced in a stratified shear layer where shear is orthogonal to the 
direction of gravity.  Such a set-up might geophysically represent, for example, the 
boundary of a zonal jet in the ocean.  

Inflectional horizontal shear profiles can produce coherent columnar Kelvin-Helmholtz 
billows in the presence of a vertical stratification, whose interaction leads to thin 
dissipative ‘pancake’ layers forming with large horizontal extent1. However, whether or 
not such flows reach a ‘strongly stratified turbulence’ regime2 is unclear. We probe the 
dynamics at high Reynolds number, which has been observed to play an important role 
in the turbulent breakdown of other columnar vortex configurations3. Of particular 
interest is whether strongly stratified freely evolving horizontal shear flows can produce 
sustained intense turbulence and mixing. We will present results from numerical 
simulations designed to isolate mechanisms leading to turbulence over a range of 
stratifications characterised by an appropriate horizontal Froude number, discussing the 
resulting mixing and its dependence on key parameters in the flow. 

Figure 1. Left: interlocking columnar Kelvin-Helmholtz billows undergoing destabilisation,
shown by plotting a three-dimensional isosurface of the vertical vorticity field. Gravity acts in 
the vertical direction. Colours are purely to aid visualisation of the dynamics. Right: late time
central vertical (y,z)-plane showing turbulent layering of the streamwise velocity field. 

a
Dep. Applied Mathematics and Theoretical Physics, Centre for Mathematics, University of Cambridge, 

Wilberforce Road, Cambridge CB3 0WA
b

BP Institute, University of Cambridge, Madingley Road, CB3 0EZ 
1  Basak & Sarkar, J. Fluid Mech. 568, 19 (2006)
2  Brethouwer et al., J. Fluid. Mech. 585, 343 (2007) 
3 Augier & Billant, J. Fluid Mech. 682, 120 (2011) 
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Numerical investigation of wind-wave generation at the surface of 
a viscous liquid  

F. Burdairona and J. Magnaudeta

Wind-wave generation is a long-standing problem for which various theories have 
been proposed, mostly in view of applications to the prediction of sea states. 
However, effects of the liquid viscosity on key quantities such as the wave growth 
rate, the critical velocity beyond which interface deformations are amplified, or the 
saturated wave amplitude are largely unknown. Extensive experiments were recently 
carried out to clarify this influence1. Our numerical investigation aims at 
complementing these experiments. 

To this end, we make use of a two-dimensional time-dependent approach based on 
a one-fluid formulation in which the flow in the two media is governed by a single set 
of equations and the interface evolution is captured by a volume of fluid technique. 
Assuming that the only role of turbulence is to impose the mean velocity profile in the 
air boundary layer2, we employ an engineering turbulence model3 to predict the time- 
and space-dependent eddy viscosity distribution. The performance of this model in 
relevant single-phase flows, especially flows over wavy rigid surfaces4, was evaluated 
prior to implementing it in the two-fluid configuration.  

Starting from a fully-developed flow over a flat surface, we slightly disturb the 

interface and track the evolution of its amplitude, . Varying the wind speed (i.e. the 

friction velocity in the air, u*) and the liquid viscosity, liq, allows the characteristics of
growing and saturated waves to be predicted without any limitation on their steepness 
as far as the interface deformation remains two-dimensional (Fig. 1).   

a
IMFT, Université de Toulouse, CNRS, 31400 Toulouse, France 

1 Paquier et al., Phys. Rev. Fluids 1, 083901 (2016).
2 Miles, J. Fluid Mech. 3, 185 (1957).
3 Spalart & Allmaras, Rech. Aerosp. 1, 5 (1994).
4 Buckles et al. J. Fluid Mech. 140, 27 (1984).

Figure 1: evolution of the interface deformation: (a) in the air-water system for 

u*=0.17 m.s-1; (b) for u*=0.3 m.s-1 in three liquids of increasing relative viscosity =liq/air. 
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Amplitude Modulations in Strato-Rotational Instabilities (SRI)
Gabriel Melettia, Uwe Harlanderb, Stéphane Viazzoc and Stéphane Abided 

In geophysical and astrophysical flows, stratified vortices can be found from small to 
large scales, and they are relevant in the distribution of heat and momentum in stably 
stratified systems such as the atmosphere or oceans. In the astrophysical context, 
accretion disks (from which solar systems are formed) can be seen as stratified 
vortices. In such systems, understanding the mechanisms that can result in an outward 
transport of angular momentum is a central problem. 

For a planet or star to be formed in a disk, angular momentum has to be carried 
away from its center to allow matter aggregation by gravity; otherwise, its rotation 
speed would be far too large, avoiding this matter aggregation (and the consequent 
star formation) to happen. In such gas systems, turbulence is the most likely 
mechanism to achieve such a large angular momentum transport. However, it was 
shown that the flow profile of accretion disks is stable with respect to purely shear 
instabilities, and the question arises about how the turbulence can be generated. 
Among other candidates, the strato-rotational instability (SRI) has attracted attention 
in recent years. The SRI is a purely hydrodynamic instability that manifests itself as 
non-axisymmetric spirals and can be modeled by a classical Taylor-Couette (TC) 
system with stable density stratification. The density stratification causes a change in 
the marginal instability transition when compared to classical non-stratified TC 
systems, making the flow unstable in regions where, without stratification, it would be 
stable. This characteristic makes the SRI a relevant phenomenon in planetary and 
astrophysical applications, particularly in accretion disk theory.  

In this work, we will present confrontations of experimental data with non-linear 
High-performance numerical simulations of strato-rotational flows that reveal non-
linear interactions of SRI modes leading to periodic changes in the SRI spirals axial 
direction of propagation. These spiral patter changes lead to low-frequency velocity 
amplitude modulations related to two competing spiral wave modes. 
We will then show how two different spirals linearly interacting could lead to these 
pattern changes, but related to the non-linear transfer of energy from the base flow to 
these secondary instabilities. We will also show how the presence of amplitude 
modulations impact the momentum transfer regime and the net momentum flux 
driven by the SRI, that might represent strong influences on star formation regimes in 
accretion disks. 

a Lyon Institute of Origins LabEx LIO, Université Claude Bernard, Lyon1 Campus de la Doua, 
bâtiment Géode 2, rue Raphaël Dubois 69622 Villeurbanne, France

b
Department of Aerodynamics and Fluid Mechanics, Brandenburg University of Technology (BTU) 

Cottbus-Senftenberg, Siemens-Halske-Ring 14, 03046 Cottbus, Germany 
c

Laboratoire de Mécanique, Modélisation et Procédés Propre, Aix-Marseille University, CNRS, 38, 

rue Frederic Joliot Curie 13451 Marseille, France 
d

Laboratoire de Mathématiques et Physique, University of Perpignan Via Domitia, 2, Avenue Paul 

Alduy, 66860 Perpignan, France 
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Interactions of barchan dunes composed of bidisperse particles 

W. R. Assisa, F. D. Cúñezb and E. M. Franklina 

Barchans, dunes of crescentic shape with horns pointing downstream, are organized 
within dune fields and can be found in deserts, rivers, oceans, and even in 
extraplanetary environments, such as the surface of Mars (Bagnold, 1941). The 
regulation of their sizes involves interactions among barchans with different speeds 
and sizes within the field (Hersen et. al., 2004). In a recent work (Assis and Franklin, 
2020), we investigated the short-range interactions of two subaqueous barchans, and 
identified five interaction patterns for both aligned and off-centered configurations. 
We proposed two maps that provide a comprehensive classification for barchan-
barchan interactions based on the ratio between the number of grains of each dune, 
Shields number, and alignment of barchans. Although barchans present in nature are 
composed of polydisperse particles, laboratory studies generally do not use mixed 
particles to understand the behavior of dune fields. The aim of this study is to 
investigate the binary interactions of barchans with bidisperse particles, and with 
different monodisperse particles composing each dune. The experimental setup used 
was the same presented in Assis and Franklin, 2020. As result, we observed that the 
interaction patterns vary with the composition of mixed particles within the dune, and 
new and different patterns arise from two monodisperse barchans with different grain 
sizes. In addition, we propose a timescale for barchan-barchan interactions of both 
monodisperse and bidisperse particles. Figure 1 shows a new pattern observed when a 
larger monodisperse barchan composed of larger particles (upstream dune) collides 
with a smaller monodisperse barchan composed of smaller particles (downstream 
dune). Part of this presentation is based on Assis et al. (2021). 

Figure 1: Interaction of two monodisperse barchans of different grains. The upstream and 
downstream dunes consist of beads with 0.5 mm and 0.2 mm of diameter, respectively. Figure 
taken from Assis et. al., 2021. 

a School of Mechanical Engineering, UNICAMP – University of Campinas, Rua Mendeleyev, 200, 
Campinas, SP, Brazil 

b Department of Earth and Environmental Sciences, University of Rochester, Rochester, NY 14627, USA 
1 Bagnold, The physics of blown sand and desert dunes, London: Chapman and Hall, (1941). 
2 Hersen et. al., Physical Review E 69, 011304 (2004).
3 Assis and Franklin, Geophysical Research Letters 47, 18 (2020).
4 Assis et. al., J. Geophys. Res.: Earth Surface. Submitted (2021).
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Staircase instabilities in stratified and sheared turbulent flows 

N. Petropoulosa, A. Mashayekc, C.P. Caulfielda,b

 Formation of step-like density distributions induced by stratification and turbulence 
has been postulated and studied by many authors1 ,2 and can be explained by the 
“instability” of a sufficiently strongly stably stratified turbulent flow due to the decrease 
of the turbulent density flux with increasing stratification (i.e. the “Phillips 
mechanism”1). However, such density staircases are not often observed in ocean 
interiors, except in regions where double diffusion processes are important, leading to 
thermohaline staircases. Using reduced order models for the evolution of velocity and 
density gradients, we analyse staircase formation in stratified and sheared turbulent 
flows. Under the assumption of inertial scaling 𝜖 ∼ 𝑈3/𝐿 for the mean turbulent kinetic 
energy dissipation rate, we determine ranges of Richardson number 𝑅𝑖 = 𝑁2/𝑆2 and 
turbulent Prandtl numbers 𝑃𝑟𝑇 = 𝜈𝑇/𝜅𝑇 for which staircases can potentially form and 
show that the Phillips mechanism only survives in the limit 𝑃𝑟𝑇 ≪ 1. For relevant 
oceanic parameters, a limit turbulent Prandtl number above which the system is not 

prone to staircases is found around∼ 0.5 − 0.7. Since several studies4 indicate that the 
turbulent Prandtl number in stably stratified turbulence is usually above this threshold, 
this result supports the empirical observation that staircases are not favoured in ocean 
interiors in the presence of ambient turbulence. Numerical experiments have been 
conducted to support these results as well as larger-scale direct numerical simulations 
of the governing equations to identify whether the staircase formation dynamics 
considered in the reduced order model actually occur. 

Figure 1: Range of 𝑅𝑖 and  𝑃𝑟𝑇 prone to layer formation for various Reynolds numbers 

𝑅𝑒 and molecular Prandtl numbers 𝑃𝑟𝑚 and a given parameterisation of the turbulent 
flux coefficient 𝛤 depicted on the left panel. Parameters in region (a) and (b) exhibit 

staircase formation dynamics whereas parameters in region (c) do not. As 𝑃𝑟𝑚 
increases, region (b) grows, suggesting that staircase formation is favoured for large 
molecular Prandtl numbers4. As 𝑅𝑒 → ∞  the boundary between (b) and (c) tends 
towards the vertical line 𝑃𝑟𝑇 = 1/3 (grey vertical dashed line).  

a Department of Applied Mathematics & Theoretical Physics, University of Cambridge, Cambridge, CB3 0WA, UK 
b BP Institute, University of Cambridge, Cambridge, CB3 0EZ, UK 
c Department of Civil and Environmental Engineering, Imperial College London, London SW7 2BX, UK 
1 Phillips, O. M. Deep-Sea Res. 19 (1), 79 (1972).
2 Posmentier, E. S. J. Phys. Oceanogr. 7 (2), 298 (1977).
3 Venayagamoorthy, S., & Stretch, D.  Journal of Fluid Mechanics, 644, 359 (2010).
4 Taylor, J. R. & Zhou, Q. 2017 J. Fluid Mech. 823, R5-1 (2017).  
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The interaction of gravity currents with obstacles: getting in the way, 

going over the top and bulldozering

Andrew J. Hogga and Edward W.G. Skevingtonb 

Gravity currents – the predominantly horizontal motion of dense fluid driven by 
buoyancy forces – occur widely in many environmental settings, including the 
dispersion of dense pollutants and toxic gases, outbreak floods following dam failures 
and oceanic transport of sediment by turbidity currents.  These currents flow as layers 
that are thin relative to the streamwise extent and are able to propagate over horizontal 
surfaces.  This study investigates theoretically what happens when gravity currents 
interact with initially distant barriers and obstacles, and analyses phenomena including: 
the reflection of the oncoming flow; overtopping the barrier; and the potential for the 
flow to set unsecured obstacles into motion.  In each scenario we report on the unsteady 
dynamical features and the temporal changes in the nature of the interaction. 

The generic problem is the interaction between the flow and naturally-occurring 
topography or engineered infrastructure. We first address the unsteady reflection of the 
oncoming flow, which generates an upstream propagating bore, downstream of which 
there forms a deepening fluid layer.  Barriers may be sufficiently tall that they are not 
overtopped and the fluid is only reflected.  However for shorter barriers, there are 
various modes of overtopping and our calculations reveal both partial reflection and 
complete instantaneous overtopping. This extends to an unsteady setting what is known 
for steady oncoming flows.  In particular for a finite release generated by the collapse 
of a reservoir upstream of the barrier, we compute how much fluid is retained behind 
the barrier.  Finally, we investigate the interaction between the current and a moveable 
obstacle.  The flow exerts a growing force as it deepens upstream of the obstacle and 
eventually may overcome its resistance to motion.  In this case the obstacle is pushed 
forwards (‘bulldozed’), coming to rest when the current is once again unable to 
overcome the frictional forces. 

Figure 1. Schematic of the interactions between a gravity current and barrier/obstacle
investigated in this study. 

a
School of Mathematics, Univ. of Bristol, Fry Building, Woodland Road, Bristol BS8 1UG, U.K.

b
Energy and Environment Institute, Univ. of Hull, HU6 7RX, U.K. 
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Stratified turbulent mixing in oscillating shear flows 

S. F. Lewina & C.P. Caulfielda,b 

We use direct numerical simulations to investigate the effect of a time-dependent 

shear forcing on the evolution and mixing of turbulence produced by Kelvin-Helmholtz 

instability (KHI) at high Reynolds number. The forcing is implemented by solving the 

equations of motion in a tilting coordinate system which causes the background shear 

to accelerate and decelerate periodically. By systematically modifying the initial 

conditions and flow parameters, we focus on specific timing issues regarding the 

development of the primary billow and transition to turbulence relative to the 

deceleration of background shear. We provide a detailed energetics analysis of the flow, 

demonstrating that suitably timed turbulence produced by KHI with a decelerating 

shear mixes in a distinctly different way from the flow with constant background shear, 

specifically with the energy for turbulent motions extracted from alternative sources. As 

a result, the total amount of mixing as measured by the change in background potential 

energy can in fact be significantly larger for flows in which the shear is decelerated, 

despite the fact that the total kinetic energy in the flow is significantly smaller. The 

mixing has characteristics more in common with convectively-driven rather than shear-

driven flows, supporting the argument for an underlying change in the mechanisms 

triggering the turbulence. 

Figure 1: Spanwise slices of density at various times for flows with Re=6000, Ri=0.08, 
Pr=1 that are: (a-d) oscillating and forced with white noise; (e-h) oscillating and forced 
with the fastest growing KHI mode; (i-l) non-oscillating and forced with white noise. 

a Department of Applied Mathematics & Theoretical Physics, University of Cambridge, Cambridge, CB3 0WA, UK 
b BP Institute, University of Cambridge, Cambridge, CB3 0EZ, UK 
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DIRECT NUMERICAL SIMULATIONS OF OSCILLATORY 
BOUNDARY LAYERS OVER ROUGH WALLS 

M. A. Guzmána, U. Cirib, F. Bernardonia, S. Rodriguez-Abudoc and S.
Leonardia 

The coastal region of the ocean typically has an oscillating turbulent flow along the 
seabed caused by the motion of the waves. A full understanding of rough wall oscillating 
boundary layers is lacking, with little research done on the area. Direct numerical 
simulations of shear-driven oscillatory flow over a bed of spherical particles have been 
performed. The numerical method is based on a finite difference scheme combined 
with a Runge Kutta scheme for the time integration, Orlandi (2000). Substrate textures 
are treated with the immersed boundary layer developed by Orlandi and Leonardi 
(2006). The computational setup consists in an open channel flow with the lower bound 
of the computational domain being composed of two layers of spheres as shown in 
Figure 1. This configuration reproduces the set-up of the study performed by Chan 
Braun et al (2011) for a uni-directional open channel flow. The oscillatory motion flow is 
considered under shear driven forces. Different cases were studied for the simulation 
setup. Each case had a different particle size corresponding to D/h = [0.18, 0.09, 
0.0469], where D is the spherical particle diameter and h is the height of the open 
channel. For each particle size, three different Reynolds Numbers based on the 

amplitude of the oscillating motion, U0, corresponding to Re = U0h/ = [2870, 6900, 
10400] were thoroughly studied. The study aims to analyse the fluid flow physics in 
terms of mean velocity profile, wall shear stress and turbulent kinetic energy budgets 
under shear driven oscillatory flow while refining the particle size to more realistic 
values. 

a Dept. Mechanical Engineering, The University of Texas at Dallas, Richardson, TX, USA 
b Dept. Mechanical Engineering, University of Puerto Rico at Mayagüez, Mayagüez, PR, USA 
c Dept. Engineering Sciences and Materials, University of Puerto Rico at Mayagüez, Mayagüez, PR, USA 
1 Chan-Braun, C., Garcia-Villalba, M. and Uhlmann, M. 2011 Force and torque acting on particles in 

a transitionally rough open-channel flow. J. Fluid Mech. 684, 441–474. 
2 Orlandi, P. 2000 Fluid Flow Phenomena: a numerical toolkit. Kluwer Academic Publishers. 
3 Orlandi, P. and Leonardi, S. 2006 DNS of turbulent channel flows with two- and three-dimensional 

roughness. J. Turbul. 7, N73). 

Figure 1: Simulation Setup: (a) Complete Domain (b) Sphere Configuration 

a 

b 
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Experimental analysis of the spatio-temporal dynamics for an 
offshore wind-turbine wake 

C. Raibaudoa,b, L. Perreta

For the recent years, fixed and floating offshore wind turbine have been of particular 
interest from both scientific and industrial communities. Understanding wind turbine 
wakes is of crucial importance to improve and optimize the performance and lifespan 
of wind turbines operating in wind farms1. In particular, the influence of the moving 
motion due to the floating structure movement, and a realistic turbulent boundary layer, 
on the wake characteristics, has not been fully documented (except recently2,3). 
Modeling of the complex temporal dynamics of the wake interacting with the 
atmospheric boundary layer, to be used in unsteady aeroelastic codes as realistic inlet 
conditions, is of crucial importance. Experiments are performed in the LHEEA's 
atmospheric wind-tunnel. The experimental set-up is presented in Fig. 1(a). The 
freestream velocity is set at U∞ = 4.0 m/s and the incoming turbulent boundary layer of 
height δ = 0.6 m. The wind-turbine is modeled with a porous disk of diameter D = 0.16 
m and with the center set at a height z0 = 0.12 m with respect to the wind-tunnel floor. 
A sinusoidal motion can be imposed on the model using a linear actuator3. The model 
wake was characterized in a place normal to the flow direction using Stereo Particle 
Image Velocimetry (PIV-2D3C). An example is presented in Fig. 1(b). 12 hot-wire 
anemometers (HWA) sensors were also acquired simultaneously to the PIV at two 
heights (0.47D and 1.25D) and distributed spanwise to characterize the dynamics of the 
wake. These measurements are combined for the reconstruction of the full spatio-
temporal dynamics using a multi-time-delay LSE-POD approach4. The reconstructed 
fields are then used in an aeroelastic code (FAST) to estimate the forces applied on a 
wind turbine. Eventually, the coherence of the incoming flow dynamics is proved to 
significantly impact the mean and unsteady forces. 

a
LHEEA, Centrale Nantes, CNRS, Nantes, France

b
PRISME, University of Orléans, Orléans, France 

1 Bastine et al., Energies, 11, 612 (2018).
2 Fu et al., Applied Energy, 253, 113605 (2019).
3 Schliffke et al., Journal of Physics: Conference Series, 1618(8) (2020).
4 Durgesh and Naughton, Exp. Fluids, 49, 571-583 (2010).

Figure 1: (a) Experimental set-up and (b) example of instantaneous streamwise velocity 

snapshot for the wind turbine wake at 8D downstream the model. 
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Development of nearshore overturning circulation 
due to surface cooling in freshwater bodies 

H. N. Ulloaa , C. L. Ramónb, T. Dodacd, T. and D. Bouffardd 

Gravitational convection plays a significant role in the ventilation, heat and mass distribution of aquatic systems. 
We investigate thermally driven convection resulting from heat loss at the air-water interface during cooling 
periods in freshwater environments. In the littoral zone, where the water depth increases from the shoreline to 
interior waters (pelagic zone), uniform heat loss at the surface generates differential cooling between shallow 
and deep regions, which sets a cross-shore density (and pressure) gradient. If surface cooling occurs for a long 
enough time, the thermally controlled cross-shore pressure gradient may drive an overturning circulation across 
nearshore waters, known as “thermal siphon”. Here, we examine the conditions under which a thermal siphon 
develops in littoral regions of natural water bodies, and we characterise the associated convection regimes. For 
the above, we derive time and velocity scales that determine the transition from Rayleigh-Bénard type 
convection to horizontal overturning circulation across sloping basin regions. The above transition in the 
convection regime is characterised by a three-way horizontal momentum balance between the cross-shore 
pressure gradient and inertia before reaching a quasi-steady regime. Our theoretical scaling expressions are 
supported by high-fidelity numerical simulations of idealised nearshore water environments and field-scale 
experiments performed in Rotsee, Switzerland. The outcomes of this work provide a robust conceptual 
framework to investigate convective flows induced by night-time or seasonal surface cooling in nearshore 
aquatic systems, such as lakes, reservoirs, and coastal seas. 

Figure 1: Spatiotemporal evolution of thermal-driven convection in slowping waterbodies. 

a Department of Earth & Environmental Science, University of Pennsylvania, Philadelphia, PA, USA. 
b Department of Civil Engineering, University of Granada, Granada, Spain. 
c Eawag, Swiss Federal Institute of Aquatic Science and Technology, Surface Waters – Research and Management, Kastanienbaum, 
Switzerland. 
d Limnology Center, École Polytechnique Fédérale de Lausanne, Lausanne, Switzerland 
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In situ measurement of wave attractor induced forces1

A.M. van Oersa, L.R.M. Maasb

An underwater force sensor for internal waves is presented. Using this sensor, we 
measure forces at a location near the surface of a fluid. The sensor performs a point 
measurement with a high temporal resolution. We perform measurements in a 
density-stratified fluid contained in a trapezoidal basin. By shaking this basin 
longitudinally, internal gravity waves are generated. Controlling the frequency with 
which the basin oscillates, these waves propagate toward a wave attractor whose shape 
varies from complicated to rectangular. We measure the force exerted by these waves 
on a plate that is partially submerged into the fluid. We observe the formation and 
decay of wave attractors. When a surface reflection of a wave attractor is near our 
sensor we measure (relatively) strong forces. We confirm our findings with 
simulations. We observe an asymmetry in the direction of the force. This asymmetry 
leads to a net force and could imply the driving of a mean flow. 

a
Faculty of Military Science, Netherlands Defence Academy, Den Helder, The Netherlands

b
Institute for Marine and Atmospheric Research Utrecht (IMAU), Utrecht University, 

Princetonplein 5, 3584 CC, Utrecht, The Netherlands
1 Published as: van Oers, A.M., & Maas, L.R.M. (2022). In situ measurement of wave attractor 

induced forces. Experiments in Fluids, 63(1), 1-13.

Figure 1: The measured force in a continuous measurement. Every minute the forcing 

frequency was increased by 0.01Hz. The peak around 0.15Hz corresponds to a (1,1) 
wave attractor. Outside this (1,1) wave attractor band, the force gradually increases 
with frequency. 
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Cohesive effects in a water-saturated granular column 
collapsing in air

A. Bougouina, T. Bonomettib, L. Lacazeb

We present an experimental study on the generic problem of the collapse of a water-
saturated granular column in air (figure 1a). We show that the water-air surface 
tension plays a crucial role when the grain diameter is smaller than or of the order of 
the capillary length. This results into an equivalent cohesive force onto the granular 
material which can influence the initial column at its own scale leading to a 
modification of the dynamics of the collapse and the final shape of the deposit1. Four 
regimes are identified (figure 1b): the static regime where the initial shape of the 
column is maintained, the continuous-avalanche regime similar to dry and immersed 
granular flows and two intermediate regimes - fluid-leaking and block- avalanche - in 
which the water is either leaking out of the granular column or the initial column 
breaks under the form of granular aggregates, respectively. These regimes depend on 
two dimensionless parameters involving surface tension either at the grain or the 
column scale, namely (i) the ratio d/lc between the mean grain diameter d and the

capillary length lc =( /f g )1/2 where  is the water-air surface tension, f is the water

density and g the acceleration due to gravity and (ii) a `column' Bond number Bo = g 
Hi d/   where  is the density of the water-grain mixture and Hi is the initial height
of the column. We propose theoretical predictions for the transition between regimes 
and we extend Lajeunesse et al.2's predictive model of the runout length for dry 
granular collapse to the more general case of a liquid-saturated granular column. 

a
Present contact: alexis.bourgouin@uca.fr

b
Institut de Mécanique des Fluides de Toulouse, IMFT, Univ. Toulouse, CNRS, Toulouse, France 

1 Bougouin et al., Phys. Rev. Fluids 4, 124306 (2019).
2 Lajeunesse et al., Phys. Fluids 17, 103302 (2005).

Figure 1: (a) Sketch of the experimental setup. (b) Diagram of the different regimes of 

collapse in the parameter space (d/lc ; Bo):  static;  fluid-leaking;  block-avalanche; 
continuous-avalanche (each symbol is an experimental run). Here, d is the mean grain diameter,
lc  is the capillary length, Bo is the `column' Bond number. The red, gray and blue bands are
theoretical predictions of the transitions. 
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Influence of the grain size and the fluid viscosity on the collapse of 
submerged sand columns 

A. Riffarda, M.V. Papalexandrisa

Granular flows are ubiquitous in natural phenomena and are also used in various 
industrial applications. Nonetheless, they exhibit counter-intuitive behaviour  as well 
as complex rheological behaviour, making them challenging to fully understand and 
model. In this talk we report on results from a typical benchmark problem, namely the 
collapse of laboratory-scale columns of sand, submerged in water, under their own 
weight. Our numerical model is based on the two-phase thermomecanical theory for 

fluid-solid mixtures1. Both phases are treated as a continuum, which leads to a two-
velocity two-pressure system of governing equations. This model incorporates a non-
linear representation of the granular rheology and an evolution equation for the 
volume fraction of the granular phase. The model is deemed capable of capturing 
distinctive features of the collapse, such as contraction and dilation. Further, the 
algorithm is based on a predictor-corrector time-integration scheme and employs a 
generalized projection method for the computation of the phasial pressures. 
In the first part of this talk, we briefly introduce the mathematical model. Emphasis is 
placed on the expression of the non-Newtonian stress tensor and on the expression of 
the viscosity of the solid phase. In the second part, we present results from our 
parametric study with respect to the grain size and the viscosity of the fluid. In 
particular, we investigate the influence of these two parameters on the shape of the 
final deposit, the final height of the column and the runout distance. Finally, we also 
elaborate on the amount of sand transported away from the initial column. 

a
IMMC, Université catholique de Louvain, Place du Levant 2, 1348 Louvain-la-Neuve, Belgium

1
Monsorno D., Varsakelis C, and Papalexandris  MV, J. Fluid Mech., 808, 410 (2016) 
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Dimensional analysis of submerged hopper discharge by DEM-
LBM modeling 

P. Philippea, J. Fanb , L.-H. Luua

and G. Nouryc 

In this contribution, we present a parametric study of grains discharge from a hopper 
in submerged condition. This work is especially motivated by the observation of 
sinkhole occurrences in flood conditions when the ground has existing underground 
conduits. Here, submerged granular flows through an orifice have been numerically 
investigated using a bi-dimensional numerical modelling that combines the Discrete 
Element Method (DEM) for the solid particles with the Lattice Boltzmann Method 
(LBM) for the fluid dynamics, in order to account for the fluid-solid interaction at the 
pore-scale. We performed a systematic analysis through the variation of particles 
diameter, fluid viscosity, and hopper orifice size, enabling the exploration of the relevant 
Archimedes number over five decades. The solid discharge rates obtained, that are 
shown to depend on the hydraulic boundary conditions, are nevertheless predictable by 
an extension of the classical Beverloo law, including the effect of fluid entrainment by 
the downward granular flow.  

a
RECOVER unit, INRAE, Aix Marseille University, 13182, Aix-en-Provence, France

b
School of Mechanical and Aerospace Engineering, Jilin University, 130025, Changchun, China 

c
BRGM, DRP, 45060, Orléans, France 

Figure 1: Snapshots of submerged hopper simulations for particles diameter of 𝑑 = 1.2 mm, 

orifice size of 𝐷 𝑑⁄ = 20 , and different viscosities: a) 𝜈 = 10−3 m2/s at 𝑡 = 1.79 s; b) 𝜈 =
1.6 × 10−3 m2/s at 𝑡 = 0.69 s; c) 𝜈 = 5 × 10−5 m2/s at 𝑡 = 0.51 s; a) 𝜈 = 10−5 m2/s at

𝑡 = 0.35 s. The color scale indicates the fluid velocity from 0 (blue) to 0.5 m/s (red). 
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An experimentally-based scaling law for particle-size segregation 
in granular flows 

T. Trewhelaa, C. Anceyb, and J. M. N. T. Grayc

Particles of  differing sizes are notoriously prone to segregation in shear 
driven flows under the action of  gravity. This has important implications in many 
industrial processes, where particle-size segregation can lead to reduced product 
quality, flow problems and longer product development and start-up times. Particle-
size segregation also readily occurs in many hazardous geophysical mass flows (such 
as snow avalanches, debris flows and volcanic pyroclastic flows) and can lead to the 
formation of  destructive bouldery flow fronts and significantly longer run-outs. 
Although general theories exist to model particle-size segregation1, the detailed 
functional dependence of  the segregation flux on the shear-rate, gravity, pressure, 
particle concentration, grain-size and grain-size ratio is still not known. This 
presentation describes refractive-index matched oscillatory shear-cell experiments that 
shed light into the segregation velocity in the two extreme cases of  (i) a single large 
intruder rising up through a matrix of  smaller grains, and (ii) a single small intruder 
percolating down through a matrix of  large particles. Despite the sometimes markedly 
different time scales for segregation in these two situations2, a unifying scaling law has 
been found that is able to collapse all the experimental data over a wide range of  shear 
rates and grain-size ratios. The resulting functional form is easily generalizable to 
intermediate concentrations, suggesting that this empirical law captures the 
fundamental processes that determine the segregation velocity in general. 

_______________________ 

a Faculty of Engineering and Sciences, Universidad Adolfo Ibañez (UAI), Viña del Mar, Chile. 
b Environmental Hydraulics Laboratory, École Polytechnique Fédérale de Lausanne (EPFL), Lausanne, 
Switzerland. 
c Department of Mathematics and Manchester Centre for Nonlinear Dynamics, The University of 
Manchester, Manchester, United Kingdom. 
1Gray Annu. Rev. Fluid Mech. 50, 407433 (2018) 
2van der Vaart et al. Phys. Rev. Lett. 114.23, 238001 (2015). 
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Tsunami waves generated by a granular collapse 

Alban Saureta, Wladimir Sarlinb, Cyprien Morizeb, and Philippe Gondretb 

Tsunami waves generated by subaerial landslides are a threat to human activities 
along coastal areas,1 as illustrated by recent events such as the partial flank collapse of 
Anak Krakatau (2018). To improve our prediction of such events, we consider the 
collapse of a granular column into water in a quasi-two-dimensional setup and 
systematically investigate the influence of the initial geometry of the column and the 
water depth on the impulse wave generated, as illustrated in figure 1.2 

Our experiments reveal three nonlinear wave regimes, depending on the Froude 
number Frf based on the ratio of the velocity of the advancing granular front at the 
interface and the velocity of gravity waves in shallow water.3 For large Frf, transient 
bores are generated, while for intermediate values of Frf quasi-symmetrical solitary-like 
waves are produced. Finally, nonlinear transition waves are observed at small Frf.  

By modeling the spreading dynamics of the granular column,4 we are able to develop 
a model coupling the grains dynamic and the wave generation process to predict the 
amplitude of the impulse wave generated in shallow water. The model allows us to 
estimate the maximum amplitude Am of the wave generated when the initial height H0

and width of the column L0, and the water depth h0 are known. We are also able to
relate the final immersed volume of grains to the amplitude of the wave generated.  

As a result, a tsunami wave generated by a landslide could be estimated from the 
knowledge of the pre-landslide geometry and bathymetry in a preventive approach, or 
after a geophysical event by estimating the final volume of immersed grains.5 The 
present modeling contributes to a better understanding of the rich hydrodynamics of 
the impulse waves generated by grains entering into water. 

Figure 1: Successive pictures showing the formation of a of a solitary wave generated by the 

collapse of a granular column of height H0 = 29 cm, width L0 = 10 cm in a water layer of depth
h0 = 8 cm. Scale bar is 15 cm.

a
Dept. of Mechanical Engineering, University of California, Santa Barbara, CA 93106, US 

b
Université Paris-Saclay, CNRS, Laboratoire FAST, F-91405 Orsay, France 

1 Walder et al., J. Geophys. Res. Solid Earth 108, B5 (2003).
2 Robbe-Saule et al., J. Fluid Mech. 907, A11 (2021).
3 Sarlin et al., J. Fluid Mech. 919, R6 (2021).
4 Sarlin et al., Phys. Rev. E 104(6), 064904 (2021).
5 Robbe-Saule et al., Sci. Rep. 11(1), 1-9 (2021).
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Effect of the chain force network on the emptying of capillary silos 

M. Janneta, G. Plohla and C. Planchettea

We experimentally study how particle rafts compressed between two fixed lateral walls 
and two movable barriers relax upon the sudden and local release of the applied stress. 
This release is triggered by opening a door pierced in the so-called front barrier. 
Depending on the compression side, two different behaviors develop, and so for a 
wide range of compression, see Figure 1. For back compression (case a), the relaxation 
is only partial, fold remains at the end of the precess and non-zero pressure is 
measured on the back side of the raft. The particles flow through the door at a 
constant rate as predicted by the Beverloo law1 to form a dense assembly whose width 
is the door width. For rafts compressed on the door side (case b), the relaxation is 
quasi-total: almost no fold remains and no significant pressure can be measured on the 
back of the raft. The flux of particle is not constant anymore but follows an 
exponential decay, similar to a capacitor discharge. The particles do not move only 
along the compression axis as for back compressed rafts, but also acquire a significant 
velocity perpendicular to it. We attribute these differences to the orientation of the 
force chain network that is known to form in dry granular media2. For front 
compressed raft, the door opening causes the removal of keystones and enable total 
unjamming and a liquid-like discharge. In the opposite situation, the network redirects 
the stress toward the side and the compressed raft remains trapped except of a small 
corridor found immediately behind the door.   

Figure 1: Left: Top view sketches) of rafts compressed from (a) the back side (opposite to the 

door) and (b) the front side. Right: Pictures of the final state of (a1-a3) back compressed rafts 
and (b1-b3) front compressed rafts with similar increasing compression levels. 

a
Institute of Fluid Mechanics and Heat Transfer, Graz University of Technology, Graz, Austria 

1 Beverloo et al., Chem. Eng. Sci., 15(3-4), (1961),
2 Drescher et al., J Mech Phys Solids, 20(5), (1972).
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Projectile penetration in a bonded granular media 

Hassan Bahalooa, Johan Casselgrena, Fredrik Forsberga and Mikael 
Sjödahla 

We use an in-house computer program developed in MATLAB to simulate the 
Discrete Element Method (DEM) of bonded granular media. Namely, the media is a 
representative of dry snow, which can be modelled as a granular media. Particles are 
generated using a random size and initial-location distribution. To accelerate the 
solution, a sub-celling method is used to find the possible particles in contact. When 
two or more particles are in contact, the contact forces include frictional and normal 
components along with the related moments. Particles can also stick together based 
on their distance and their relative velocity which then a bond is introduced between 
them. For bonded particles, a bond force is acted between the particles. The bond 
model is implemented using our previously published experimental-analytical results1 
and implemented in this model as Finite-Element (FE) beams connecting the relevant 
particles. Bonds are assumed to have the same material properties as the bulk material 
of the particles, which is ice here. The diameter of the bond is a function of contact 
force, time, temperature, and effective particle size. The presented model can be 
generalized to simulate other bonded granular media like concrete. The simulation 
results show that the resistance force against the projectile penetration increases nearly 
linear with the depth of the penetration. Moreover, the resistance force increases with 
increasing the particle mean diameter to projectile width ratio when the relative bond 
diameter is kept constant. Increasing the mean diameter of the bonds, which increases 
the breaking force between the particles, results in a significant increase in the 
resistance force against the projectile.  

a
Division of Experimental mechanics, Luleå University of Technology, Luleå, Sweden 

1 Bahaloo et al.  J. of Applied Physics 131.2, 025109 (2022). 
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Flow and fragmentation of cohesive granular materials 

A. Abramianaa, L. Starona, P.-Y. Lagréea

When a small amount of water is poured into a granular material, capillary 
bridges induce cohesion forces between grains. These forces then strongly alter the flow 
properties of a granular material. To investigate this influence, we focus on a simple 
configuration: the collapse of a cohesive granular column. We adopt a numerical 
approach and implement a peculiar rheology in a Navier–Stokes solver (Basilisk): the 
so-called μ(I)-rheology, usually used for dry granular materials, supplemented by a yield 
stress for cohesion. With this approach, we recover the stability of the column and the 
dynamics of the collapse1, by comparing these results to experiments using a cohesion-
controlled granular material2.  

However, this approach does not account for fragmentation of the material, 
characterized by the rough surface of the granular deposit (Fig. 1), as shown also in the 
experiments. We thus characterize this roughness with a code based on contact 
dynamics, which implies forces at the grain scale and show how this roughness is related 
to the cohesion between beads3. Specifically, its size increases with the inter-particle 
cohesion, and the profile exhibits a self-affine behavior, as observed for crack paths in 
the domain of fractography. In addition to provide a simple method to measure the 
inter-particle cohesion from macroscopic parameters, these results give a better 
comprehension of fragmentation and aggregation in cohesive granular materials. 

_____________________ 
a Institut Jean Le Rond d'Alembert, Paris, France 
1 Abramian, A., Staron, L., & Lagrée, P. Y. (2020). Journal of Rheology, 64(5), 1227-1235.
2 Gans, A., Pouliquen, O., & Nicolas, M. (2020). Physical Review E, 101(3), 032904.
3 Abramian, A., Lagrée, P. Y., & Staron, L. (2021). Soft Matter, 17(47), 10723-10729.

Figure 1: Final deposit of a cohesive granular collapse for 10 columns of same height but 
different initial state. Black dashed line: mean profile. Up. Low cohesion. Down. High cohesion.
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Travelling waves in flowing sand: the dynamical systems approach 

Ko van der Weelea, Dimitrios Razisa, and Giorgos Kanellopoulosa 

Granular flows on chutes or inclined planes are ubiquitous in agriculture and industrial 
applications (wherever grains, sand, or mineral ores are processed) as well as in the 
natural environment, where such flows may take the form of devastating landslides 

and rock avalanches. Here we explore ‒ by means of the generalized Saint-Venant 

equations for granular flow ‒ the various types of travelling surface waves that are 
encountered in flowing granular matter.1-5 

Generally speaking, for small values of the Froude number (Fr < 2/3) the granular 
material will slide downward as a sheet of constant thickness ("uniform flow''). For the 
same values of Fr one finds the "monoclinal flood wave'', consisting of two uniform 
flows connected by a shock structure.2-4 For Fr > 2/3 the uniform flow ceases to be 
stable and hence also the monoclinal wave; the flow now organizes itself in a train of 
"roll waves'' (see Figure).1,3,5 

On the basis of the Saint-Venant equations we derive a dynamical system that 
captures all travelling waveforms that can possibly occur in granular chute flow; each 
of these waveforms corresponds to a specific orbit in the phase space of the 
dynamical system. Focusing upon the transition from monoclinal waves to roll waves 
(as Fr is gradually increased through the critical value 2/3), we show that this 
transition involves a whole spectrum of intermediate stages, including an "undular 
bore'' and a "solitary wave'' that had hitherto not been reported for granular flows.3 

Figure: Phase space portrait of a developing train of roll waves, evolving to a stable limit cycle 
(left plot), and the corresponding wave profile as observed on the chute (right plot). 

a
Department of Mathematics, University of Patras, 26500 Patras, Greece 

1 Kanellopoulos et al., under review (2022). 
2 Kanellopoulos, J. Fluid Mech. 921, A6 (2021).
3 Razis et al., J. Fluid Mech. 869, 143 (2019).
4 Razis et al., J. Fluid Mech. 843, 810 (2018).
5 Razis et al., Phys. Fluids 26, 123305 (2014).
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Motion of a solid body within granular media

D. D. Carvalhoa and E. M. Franklina

The movement of a solid body (intruder) within a granular medium is found in nature 
and in human activities. We can cite the motion of animals and machines on and within 
granular matter, or even the impact of objects on sandy surfaces, for instance. 
Depending on the parameters involved (materials, concentrations, etc.), the granular 
system is forced to move in diverse ways, changing how the intruder experiences a drag 
force. We investigated numerically the forces and structures in a two-dimensional 
granular system displaced by an intruder moving at constant speed amid smaller disks1. 
By varying the speed of the intruder and the basal friction, we obtained the intruder’s 
resultant force and the instantaneous network of contact forces (Fig. 1a). We found that 
these networks percolate forces from the intruder towards the walls, being responsible 
for jammed regions (which, in some cases, can lead to the complete stop of the 
intruder’s motion) and high values of the experienced drag force1. We now investigate 
how the motion of a set of intruders (Fig. 1b), moved either by a constant force or 
constant velocity, affects the dynamic behaviour of the system. Preliminary results show 
that intruders present a cooperative behaviour, with a final configuration related to their 
initial arrangement in space. In some cases, we observed the formation of a compact 
structure formed by the intruders themselves moving as a whole, while in other cases 
the intruders lined up and tended to be separated by an approximately fixed distance.  

a
School of Mechanical Engineering, University of Campinas - UNICAMP, 200 Mendeleyev St., 

Campinas, SP, Brazil
1 Carvalho et al., Phys. Rev. E (2022) - accepted.

Figure 1: (a) Network of contact forces1. (b) Set of intruders. 
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Cratering by impact 

D. D. Carvalhoa, N. C. Limaa and E. M. Franklina

The formation of craters by the impact of projectiles is ubiquitous in nature and 
occurs in very distinct scales: from cm-size objects with impact energies as low as 10-7 
J to km-size bodies with energies reaching 1016 (the energy of a hydrogen bomb) to 
1018 J (or even more). Although high-energy impacts involve melting and evaporation, 
some of the fundamental mechanisms for cratering remain valid across scales by 
assuring that the collisions happen at the same regime (either gravitational or plastic 
regimes). In this communication, we investigate the formation of craters due to 
projectiles impacting vertically onto a granular bed. We carried out DEM (discrete 
element method) simulations for different projectile (single or aggregates of particles) 
and grain types, and evaluated the instantaneous positions, velocities and accelerations 
of particles. Our results show that, after an initial fluidization of part of the bed, a 
network of contact forces forms in front of the projectile, engendering a time-varying 
drag on the projectile as it penetrates into the ground, and that a change in the 
granular dynamics causes a rebound by the end of the projectile’s motion. We also 
show that for frictionless grains some properties of the crater remain unchanged, 
while others are highly affected by the absence of friction, and we analyze how 
projectiles consisting of aggregates with different bonding forces of their constituents 
excavate the crater. Finally, we show how energy is dissipated during the impact. 

a
School of Mechanical Engineering, University of Campinas - UNICAMP, Rua Mendeleyev 200, 

Campinas – SP, Brazil 

Figure 1: (a) Kaiser crater on Mars (207 km in diameter). Courtesy NASA/JPL-Caltech. (b) 

cm-scale crater generated numerically.
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Crystallization in mono and bidisperse fluidized beds 

V. P. S. Oliveiraa, W. R. de Assisa, E. M. Franklina

A fluidized bed is a suspension of grains by an ascending fluid in a tube, and it has a 
rich dynamics that includes clustering and pattern formation. When the ratio of the tube 
(D) to grain (d) diameters is small, different behaviours are induced by high confinement
effects1. Also, the addition of different grain types in a fluidized bed induces segregation
and intensifies the motion of grains. In this work, we investigate mono and bidisperse
fluidized beds under high confinement, with D/d < 10, for which is known that
crystallization is a recurring phenomenon1. In order to evaluate this phenomenon,
experiments were carried out with Airsoft (BBS) and glass beads. A digital camera was
used to extract images from the bed, which were later processed by a code developed
in the course of this work. Numerical simulations were carried out using the open-
source software CFDEM, from which we computed the particle dynamics. We then
obtained the bed expansion, time evolution of solid fraction, RMS velocities, granular
temperature, etc. Our results show that there is a potential delay in the crystallization
time for a two-layer bed (bidisperse case) when compared with the same monodisperse
bed (with the size of the upper layer, so that a bottom layer reduces its crystallization),
and that the crystallization time tends to decrease at surface velocities close to that for
minimum fluidization.

a School of Mechanical Engeneering, UNICAMP, 200 Rua Medeleyev., Campinas, SP, Brazil. 
1 Cúñez, F.D. and Franklin, E.M., Phys. Fluids. 32. 083303, (2020) 
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Triggering avalanches by transverse perturbations in a rotating 
drum

G. Castilloa, V. Salinasb, C. Quininaoa and S. Gonzálezc

We study the role of small-scale perturbations in the onset of avalanches in a rotating 
drum in the stick-slip regime. By vibrating the system along the axis of rotation with 
an amplitude orders of magnitude smaller than the particles’ diameter, we found that 
the order parameter that properly describes the system is the kinetic energy. We also 
show that, for high enough frequencies, the onset of the avalanche is determined by 
the amplitude of the oscillation, contrary to previous studies that showed that either 
acceleration or velocity was the governing parameter. Finally, we present a 
theoretical model that explains the transition between the continuous and discrete 
avalanche regimes as a supercritical Hopf bifurcation. 

a
Instituto de Ciencias de la Ingeniería, Universidad de O’Higgins, Rancagua, Chile.

b
Instituto de Ciencias Químicas Aplicadas, Facultad de Ingeniería, Universidad Autónoma de Chile, 

Santiago, Chile. 
c

Dipartimento di Elettronica Informazione e Bioingegneria, Politecnico di Milano, Milan, Italy. 

1  Forterre. & Pouliquen. Annu. Rev. Fluid Mech. 40, 1-24 (2008).
2  Weinhart et al. Comput. Phys. Commun. 249, 107129 (2020).
3 Capozza et al. Phys. Rev. Lett. 103, 085502 (2009).
4 Salinas et al. Sci Rep-uk 11, 13936 (2021).

Figure 1: (a) Minimum of the total kinetic energy for a forcing amplitude A = 0.416 µm. 
For the sake of clarity in the figure, the other amplitudes are not plotted. By fitting the 
linear piecewise function ∆Kmin = max (c, c + a(Ω - Ωc )) it is possible to obtain the 
critical rotation speed, Ωc, for each amplitude where the transition is observed (A≈1 
µm). (b) Critical rotation speed, Ωc as a function of the forcing amplitude A. The 
continuous black line corresponds to the theoretical model. 
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Shock wave on multiple wedges in granular flow 

Yash Jaiswala, Aqib Khana, Rakesh Kumara and Sanjay Kumara 

When granular fluid flowing in a chute made by two spaced glass sheets encounter 
an obstacle, shock waves form due to the supersonic nature of the incoming granular 
stream1. In the present work, shocks formed on an array of three wedges in a similar 
granular chute2 is being investigated. Compared to a single obstacle, a complex 
dynamic dune3 is formed due to the gaps between the symmetrically placed wedges. 
Depending on the chute inclination (φ) from horizontal and spacing (S) between the 
wedges, different types of dunes and shock waves on them are found. A detailed 
investigation is being carried out for a wide range of parameters, using high-resolution 
imaging to reveal the shadowgraph of the flow structures (Figure 1) and high-speed 
imaging to get the flow fields to unravel the flow physics behind these structures. 

a
Dep. Aerospace Engineering, Indian Institute of Technology Kanpur, Uttar Pradesh 208016, India 

1 Amarouchene et al., Phys. Fluids 18.3, 031707 (2006).
2 Khan et al., J. Fluid Mech. 935, A13, (2022).
3 Amarouchene et al., Physical review letters 86.19, 4286 (2001).

Figure 1: Shadowgraph images of flow past an array of three wedges, the flow is from top to 

bottom. (a) for S = 10 mm & φ = 70o and (b) for S = 25 mm & φ = 35o. Scale bars 20 mm. 
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Ridge morphodynamics over an immobile rough bed in an open-
channel 

M. Trevissona, O. Eiffa

 In river systems characterized by sediment supply-limited conditions such as 
ephemeral rivers or gravel sand transitions, sediments are observed to form 
longitudinal ridges1. The lateral patterns of fine and coarse sediment stripes are the 
result of sediment sorting induced by the presence of secondary currents2,3. While 
most experimental studies on artificial ridges or with uniform/weakly bimodal 
sediments have focussed on the feedback mechanism between secondary currents and 
ridges3,4,5, the morphological evolution of the ridges  has not yet been analysed. Here, 
we characterize the development of sediment ridges over a rough bed composed of 
immobile spheres (2cm in diameter). The sediments were modelled with plastic 
granulate 1.7 mm in diameter. A camera was installed above the flume to measure the 
morphodynamics of the bed. The flow conditions both over the troughs and over the 
ridges were measured with a side-looking 2D PIV system as the sediments were 
eroded. The experiments were performed with no upstream sediment supply under 
uniform flow conditions for three channel flow aspect ratios (channel width W to 
water depth H) equal to [3, 5, 6.5] and constant bed shear stress associated with bed-
load sediment transport.  

The morphodynamic measurements show that ridges and troughs develop through 
non-uniform erosion. While in the troughs, a constant sediment level below the top of 
the spheres is reached within a few hours, the ridges (crests) erode slower than the 
troughs over a period of several days. The ridge morphology is initially characterized 
by an increase in height and side-slope and a decrease in width. This is explained to be 
the result of a self-enhancing mechanism related to the enhancement of the secondary 
currents. After the troughs reach a constant bed level, the ridge height and side-slope 
then decrease, whereas the width remains constant. The ridge spacing tends to a 
characteristic wavelength of 1.3 H. The number of ridges can be deduced from the 
integer number of characteristic wavelengths fitting into the width of the channel.  

As the height of the ridges decreases, the PIV measurements reveal a reduction in 
the intensity of the secondary currents, confirming the feedback mechanism. A 
quadrant analysis shows a considerable difference in the turbulent structure over the 
ridges and the troughs. Over the ridges, the strongest sweep events are displaced 
upwards by the local upflow resulting in reduced bed shear stress conditions, while 
over the troughs the sweeps are pushed towards the bed enhancing the local bed shear 
stress. 

a
Institute of Hydromechanics, KIT, Otto-Ammann Platz 1, Karlsruhe, Germany 

1 Culbertson, U.S. Geol. Survey D214 (1967).
2 McLean, Marine Geology 42, 49 (1981).
3 Nezu et al., Proc. of 6th Congress of Asian and Pacific Regional Division IAHR II-1, 51 (1988).
4 McLelland et al., J. Hydraul. Eng. 125, 463 (1999).
5 Wang et al., Advances in Water Resources 29, 1634 (2006).
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The onset of laminar-turbulent patterning in plane channel flow 

Y. Duguet1, P. V. Kashyap1, O. Dauchot2

The transition from laminar to turbulent in plane channel flow, the flow between two 
parallel plates driven by an imposed pressure gradient, has constituted a major puzzle 
for theoreticians and experimentalists for over a century. It is now well recognised that 
at the lowest values of the Reynolds number Re at which turbulence can be maintained,
the flow self-organises into an irregular pattern of alternatively laminar and turbulent 
motion, separated by oblique interfaces. The origin of these large-scale laminar-
turbulent patterns, also observed in other subcritical shear flows, their  dimensions and 
their angle all remain as of today a mystery. In the present computational study, we 
make use of large-scale parallel computations based on the recent solver 
Channelflow2.0 to tackle the onset of laminar-turbulent patterning. It is shown that 
proper laminar-turbulent patterns are preceded, as the Reynolds number is decreased 
from the featureless turbulent regime, by simple large-scale modulations of 
continuously increasing amplitude. The decay rates associated with these modulations 
in the regime where they are damped, is a convenient method to predict accurately the 
onset of the modulation regime. This is achieved in practice by perturbing the turbulent 
regime at initial time and let the perturbation relax back to zero. Ensemble averaging 
over 40 realisations for each value of Re leads to well-behaved exponential decay rates.
A dispersion relation for the perturbations can hence be reconstructed from numerical 
data only. It suggests a statistically defined onset at Re=95 where Re is the friction-
based Reynolds number. The relationship between this result and classical stochastic 
nucleation theory will be discussed during the talk. 

1 Dep. Mechanical Engineering, LISN-CNRS Université Paris Saclay, F-91405 Orsay, France.
2 

Gulliver-CNRS ESPCI, F-75005 Paris, France
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Onset of instability in the magnetohydrodynamic pipe flow subject 
to a transverse magnetic field 

Y. Velizhaninaa and B. Knaepena

The effect of an applied magnetic field on the stability of a magnetohydrodynamic 
(MHD) flow is two-fold. On one hand, induced electric currents result into Joule 
dissipation and the magnetic damping of perturbations. On the other hand, the 
magnetic field can give rise to instabilities through a modification of the base flow 
profile.  

Here we address the stability of a flow of an electrically conducting fluid through a 
circular pipe subject to a transverse magnetic field. In the absence of a magnetic field, 
numerous studies suggest that the pipe flow is linearly stable1. In reality, disturbances 
of small amplitude can exhibit large short-time transient growth before they 
experience exponential decay2,3. This phenomenon can potentially trigger nonlinear 
effects leading to laminar-turbulent transition.  

Classical linear stability and transient growth analyses have been conducted for the 
magnetohydrodynamic (MHD) pipe flow in the presence of an axial magnetic field by 
Akerstedt4. In this case, the magnetic field does not modify mean velocity profile, thus 
it has stabilizing effect on the flow. In contrast, when a sufficiently strong magnetic is 
applied perpendicularly to the direction of the mean flow and the pipe's wall is 
electrically conducting, regions of velocity overspeed arise in the Roberts layers5,6. 
Moreover, the mean velocity profile exhibits a characteristic elongation in the 
direction of the magnetic field7. In this work we demonstrate that despite magnetic 
damping, these mean flow modifications cause the flow to become linearly unstable 
for certain values of the parameters. Both classical linear stability and transient growth 
theories are considered to analyze respectively the asymptotic and finite time 
evolution of the perturbations. By varying the Hartmann number - a measure of the 
strength of the applied magnetic field - and the pipe's wall electrical conductivity we 
determine under which conditions the flow becomes linearly unstable and when 
transient growth is expected to play a more significant role. 

a
Université Libre de Bruxelles, Blvd du Triomphe CP231, 1050 Ixelles, Belgium 

1 A. Meseguer and L.N. Trefethen, J. Comput. Phys. 186, 178 (2003).
2 L. Bergström, Stud. Appl. Math. 87, 61 (1992).
3 P. L. O’Sullivan and K.S. Breuer, Phys. Fluids 6, 3643 (1994).
4 H. O. Akerstedt, Fluid Dyn. Res. 15, 295 (1995).
5 S. A. Samad, Int J Eng Sci 19, 1221 1232 (1981).
6 S. Vantieghem et al., Theor. Comp. Fluid Dyn. 23, 525 (2009).
7 J. A. Shercliff, J Fluid Mech 1(6), 644 (1956)
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Stability analysis of two-phase stratified pipe flows 

I. Barmaka, A. Gelfgata and N. Braunera

A rigorous linear stability analysis of two-phase stratified flow is carried out in a 
circular pipe geometry. For this purpose, we formulate and solve numerically the 
linearized 3D governing equations in each phase with the linearized boundary 
conditions at the pipe walls and the fluid-fluid interface. To the best of our 
knowledge, this problem has never been solved before. 

Bipolar coordinates are used since they are convenient for analysing two-phase 
stratified pipe flows. In these coordinates the pipe walls and a fluid-fluid interface of 
constant curvature coincide with the coordinate lines. The base flow of the stability 
analysis is laminar, steady, and fully developed, for which there exists an exact closed-
form analytical solution.1 The base flow and the fluid-fluid interface are subject to 
perturbations of all wavenumbers propagating in the axial direction. The linearized 
governing equations and boundary conditions for the 3D perturbed flow are 
formulated as an eigenvalue problem, discretized on a staggered grid using a finite-
volume method developed especially for the bipolar coordinate system. The 
eigenvalue problem is solved by the Arnoldi iteration in the shift-and-invert mode. 
The stability characteristics are validated by comparison with those we obtain 
independently using the well-established Immersed Boundary Method in Cartesian 
coordinates. The resulting stability boundaries, the critical perturbations that trigger 
flow instability and their patterns (e.g., Fig. 1) will be reported for gas-liquid and 
liquid-liquid stratified pipe flows of particular practical importance.  

Figure 1: Oil-water stratified flow in a horizontal pipe (of diameter 0.02m) for critically 

stable operational conditions (water/oil flow rate and viscosity ratios are 6.28 and 0.1, 
respectively): (a) base flow velocity; (b) axial velocity of the critical perturbation (for zero 
surface tension).  

a
School of Mechanical Engineering, Tel Aviv University, Tel Aviv 6997801, Israel 

1 Goldstein et al., Int. J. Multiphase Flow. 75, 267 (2015).
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Novel instabilities in immiscible multilayer viscous shear flows in 
the presence of interfacial slip 

A. Katsiavriaa, 2nd D.T. Papageorgioua

Single phase Couette flows are known to be linearly stable at all Reynolds numbers. 
When two immiscible viscous stratified fluids are sheared in a channel an interfacial 
instability is possible at all non-zero Reynolds numbers. Typically, a no-slip condition 
is appropriate at fluid-fluid interfaces and the linear and nonlinear stability of such 
configurations (including direct numerical simulations) has been studied extensively1. 

It has been observed in experiments2 on coextruded multilayers of polymer-polymer 
systems, that interfacial slip is present and responsible for unexpected increased flow-
rate measurements. Molecular dynamics simulations3 have also demonstrated the 
presence of slip at liquid-liquid interfaces for both Couette and pressure-driven flows. 
The MD simulations also demonstrated that a Navier-slip law is very successful in 
describing the data. 

The present work is a theoretical study of the effects of Navier slip at liquid-liquid 
interfaces. Guided by experiments we concentrate on Newtonian flows and undertake 
a comprehensive study of the linear and nonlinear stability of such systems. To fix 
matters we consider two-fluid Couette flows. In the presence of slip the basic flow 
undergoes a velocity jump at the interface that depends on the slip length. The 
mathematical models are viscous analogues of the classical Kelvin-Helmholtz 
instability present in co-flowing ideal flows. Asymptotic solutions are constructed for 
large slip and short or long wave disturbances to isolate the novel instability 
mechanisms. In the case of short waves (with surface tension absent) it is shown 
analytically that the growth rate tends to a non-zero constant that depends on 
parameters, in contrast to the slipless case where the growth rate decays to zero 
inversely proportionally to the large wave number. This scenario persists for finite 
values of the slip length. The new instabilities are quantified via computations of the 
full eigenvalue problem. Time permitting, a nonlinear theory when one of the layers is 
thin will be presented; the dynamics are described by a novel inegro-differential 
evolution equation and the role of slip will be reported from numerical simulations. 

a
Dep. Mathematics, Imperial College London, London SW7 2AZ, UK

1 Kalogirou and Papageorgiou,  J. Fluid Mech. 802, 5 (2016); Kalogirou et al., J. Fluid Mech. 806, R1
(2016); Papageorgiou and Tanveer, Proc. R. Soc. A 475, 20190367 (2021).

2 Zhao and Macosko, J. Rheology 46, 145 (2002); Yang and White, J. Rheology 53, 1121 (2009).
3 Koplik and Banavar, Phys. Rev. Lett. 96, 044505 (2006); Razavi et al., Langmuir 30, 11272 (2014).
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Geometrical parameterization of the aortic wall to investigate the 
evolution of hydrodynamic instabilities initiating laminar-turbulent 

transition past bioprosthetic aortic valves 

Karoline-Marie Bornemanna, Pascal Corsoa, Dominik Obrista 

Bioprosthetic heart valves (BHV) are 
known to develop turbulent flow during 
systole1. This turbulent flow is suspected to 
be detrimental to BHV performance and 
durability which limits their usage for 
younger patients2. A detailed analysis of 
laminar-turbulent transition mechanisms is 
crucial for suppressing turbulent flow. 
However, complex flow behaviour such as 
the presence of shear layers and 
recirculation combined with leaflet flutter 
motion complicates the isolation of specific 
instability mechanisms within a full top-
down simulation. Therefore, we broke 

down the flow problem into sub-problems 
in favour of a more isolated and focused 
study of hydrodynamic flow instabilities. The interaction of valve structure and blood 
flow was modelled with our high-fidelity solver which couples Direct Numerical 
Simulation (DNS) for the fluid3 and full elastodynamic equations in their weak form 
for the structural motion by a modified Immersed Boundary Method (IBM) with a 
variational transfer approach4. By running several simplified geometrical 
configurations with increasing complexity and altered aortic wall parameters (i.e., sinus 
height, ascending aorta diameter) in different Reynolds number regimes, we harvested 
a comprehensive data set focusing on the variation of aortic wall features.  

Numerical results revealed a starting vortex dominating the flow field originating 
from the leaflet opening motion during systolic flow acceleration. Depending on the 
streamwise and spanwise distance of the sinotubular junction relative to the leaflet tip, 
the impingement of the vortex at the wall created retrograde flow towards the outer 
leaflet. This resulted in growing structural oscillations with their amplitude 
proportional to the leaflet’s shear modulus, leading to flow separation and small-scale 
vortical structures. Applying a linear asymptotic stability approach with highly 
resolved two-dimensional numerical data as base flow solution, we facilitate a deeper 
insight into the basic instability mechanisms leading to turbulent flow past BHV.  

a
ARTORG Center for Biomedical Engineering Research, University of Bern, Bern, Switzerland 

1 Becsek et al., Front. Physiol. 11, 1 (2020).
2 Kheradvar et al., Ann Biomed Eng. 43, 844 (2015).
3 Henniger et al., J. Comput. Phys. 229, 3543 (2010).
4 Nestola et al., J. Comput. Phys. 398, 108884 (2019).

Figure: Instantaneous fluid velocity gradient 
and structural displacement 
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Helical perturbation in pulsatile pipe flow 

D. Morón1, Marc Avila23

Pulsatile pipe flow, pipe flow whose bulk velocity has one mean and one or more 
harmonic components, is ubiquitous in industrial applications and biological systems. 
The transition to turbulence in this system is usually undersired as, among others, it is 
related with the development of cardiovascular diseases. While studying transition in 
pulsatile pipe flow, experiments have identified a novel helical perturbation that is 
triggered due to small geometric imperfections in the pipe wall. The perturbation 
growth scales exponentially with the Reynolds number, making it critical in terms of 
turbulence transition. We study this perturbation combining stability analysis, transient 
growth analysis and direct numerical simulations. We then identify the characteristics 
of the pulsation that better promote perturbation growth, turbulence transition and 
turbulence survival in pulsatile pipe flow. We report a good agreement with 
experiments in terms of transition threshold and turbulence behaviour. 

1
Center of Applied Space Technology and Microgravity. University of Bremen, Am Fallturm 2., 

Bremen, Germany
2

Center of Applied Space Technology and Microgravity. University of Bremen, Am Fallturm 2., 

Bremen, Germany
3

Center for Materials and Processes. University of Bremen, Am Fallturm 2., Bremen, Germany
1 D. Xu et al, J. Fluid Mech. 907, 54 (2021).
2 D. Xu et al., Proc. Natl. Acad. Sci. 117, 21 (2020).
3 D. Feldmann et.al, Entropy  23, 1 (2021).

 Figure 1: Break-up of a helical perturbation in a direct numerical simulation of pulsatile 
pipe flow. 
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Numerical studies of the boundary-layer flow over a NACA0008 
airfoil forced by free-stream turbulence

J. M. Faúndez A.a, A. Hanifia and D. S. Henningsona

When two-dimensional boundary-layer flows are subjected to moderate or high levels 
of free-stream turbulence, the transition to turbulence scenario differs from the 
classical route consisting of the amplification and breakdown of Tollmien-Schlichting 
waves. For this scenario, optimal disturbance theory1,2 presents a robust approach to 
studying the boundary-layer's receptivity and perturbation evolution. With this in 
mind, we study the stability analysis of flow around a NACA0008 airfoil forced by 
FST aiming to position optimal disturbance theory in the context of real flows. Direct 
Numerical Simulations are performed for a turbulence intensity of 0.5% and two 
different spectra, which are characterised by their integral length scales. Both FST 
conditions generate streamwise streaks with alternating high- and low-velocity 
perturbations, as observed in experimental3 and numerical4 flat plate configurations. 
Also similar to flat plate experimental results5, it is the fact that growth and streak 
spacing are dependent on the scales of the incoming FST. Even for this flow 
configuration, which includes both the leading edge and pressure-gradient effects, it is 
found that the growth of boundary-layer disturbances follows that of the optimal 
perturbations. This comparison is conducted by projecting the Fourier modes at the 
leading edge onto the corresponding optimal initial perturbation and evaluating their 
growth downstream. An example of this comparison is presented in figure 1 for a 
specific Fourier mode, where a similar agreement is found for the different Fourier 
modes under study. 

a FLOW, Engineering Mechanics, KTH Royal Institute of Technology, SE-100 44 Stockholm, Sweden 
1 Andersson et al., Phys. Fluids. 11, 139 (1999) 
2 Luchini, J. Fluid Mech. 404, 289 (2000) 
3 Alfredsson et al., Fluids 2000 Conference and Exhibit, 2534 (2000) 
4 Brandt et al., J. Fluid Mech. 517, 167 (2004)
5 Fransson et al. J. Fluid Mech. 899, A23 (2020) 

Figure 1: Example of DNS Fourier mode evolution along the chord and its comparison with the scaled 
optimal perturbation. 
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Analysis of the modes responsible for transition in a thick airfoil 
subject to rotation 

T. C. L. Favaa, A. Hanifia, D. Henningsona

Direct Numerical Simulations of a stationary and a rotating FFA-W3 series airfoil at 
an angle of attack of 1.2° and chord Reynolds number of 100,000 were performed. In 
order to analyze the coherent structures triggering transition, Spectral Proper 
Orthogonal Decomposition1 (SPOD) analyses were carried out. Modes with zero 
spanwise wavenumber β and frequency f=15 (nondimensional by the chord and 
inflow velocity) were selected for the analyses as the velocity spectra inside the 
boundary layer indicate energy growth around this frequency before transition. The 
first SPOD mode provides a good representation of the energy content of the flow, 
capturing 73% of the total kinetic energy in the non-rotating case and 43% of it in the 
rotating one. Figure 1 shows these modes for the U (horizontal), V (vertical), and W 
(spanwise) directions. The modes for U indicate the development of Tollmien-
Schlichting (T-S) waves before separation, which are not strong enough to trigger 
transition. They also show the formation of an unstable wavetrain at approximately 
x=0.48, inside the separation bubble, and 20% upstream of the turbulent flow region 
(x=0.7). The frequency and location of this structure indicate that it originates from an 
instability of the detached shear layer2. The SPOD mode for the rotating case shows a 
higher amplification for the T-S waves upstream of transition and the instability of the 
detached shear layer, with a significant difference for the mode related to the spanwise 
velocity. The latter presents growth as early as x=0.45 for the rotating case, while the 
non-rotating case displays growth only downstream of x=0.55. Moreover, the modes 
for the rotating case present distortions compared to those of the non-rotating one, 
which can be attributed to a non-zero spanwise velocity in the former case. The 
current results show that rotating blades with thick airfoils and low Reynolds numbers 
may present a more unstable boundary layer with earlier transition than stationary 
airfoils. The consequences of this fact can be an earlier reattachment, with an increase 
in the lift and reduction in the drag. The final work will present the results for the 
pressure side and two additional rotation speeds/angles of attack.  

Figure 1. Logarithmic contours of the real part of 
the first SPOD mode of the U (horizontal), V (vertical), and W (spanwise) velocities for β=0, 
f=15, suction side of the non-rotating (left) and rotating (right) cases. x is the chordwise 
coordinate (taken on the airfoil surface) and y is the wall-normal coordinate.
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Using various energy norms to estimate the non-linear stability 
limit of shear flows 

P. T. Nagya 

The stability of laminar fluid flows is usually subcritical. The laminar-turbulent transition 
occurs at a lower Reynolds number in experiments than the value predicted by modal 
linear stability analysis. Many attempts are made to better estimate transition, but most 
of them are computationally intensive (edge tracking, polynomial Lyapunov function, 
direct-adjoint looping). Only the energy method (the Reynolds-Orr equation) can 
provide a conservative estimate of the transition using reasonable computation power. 
Unfortunately, the predicted values are very low and impractical. 
Recently, the method was significantly improved using the weighted kinetic energy in a 
tilted coordinate system1 or the enstrophy2. In this study, a more generalised weighted 
energy of the perturbations is defined in non-dimensional form as 

𝑒 =
1

2
∫ 𝑎𝑖𝑢𝑖

2 + 𝑏𝑖𝜔𝑖
2

 

𝒱

 𝑑𝒱. 

𝒱 is the domain, 𝑎𝑖 , 𝑏𝑖 are the constant weight coefficients, 𝑢𝑖 is the perturbation 

velocity field, 𝜔𝑖 is the vorticity, 𝑖 = 1,2,3 is a running index, expressing the main 

directions in a Cartesian coordinate system. If 𝑎𝑖 = 1 and 𝑏𝑖 = 0 𝑒 is the classic kinetic 

energy, and if 𝑎𝑖 = 0 and 𝑏𝑖 = 1, 𝑒 is the enstrophy. During the stability analysis, the 
critical perturbation is sought that maximises the generalised energy growth and the 
critical Reynolds number is determined, where the growth is zero, similarly to the 
Reynolds-Orr method. Below the critical value, the perturbation energy exponentially 

decays. Finally, the coefficients (𝑎𝑖, 𝑏𝑖) are optimised to maximise the critical Reynolds 
number. Below this maximum Reynolds number, the perturbation decay in the 
generalised energy norm even the classic energy can increase for a short time; and the 
flow is stable. The critical Reynolds numbers of Poiseuille flow were plotted in Figure 
1 in the case of kinetic energy and the optimised generalised energy. The result showed 
the conservatively estimated critical Reynolds number was increased significantly using 
the generalised energy. Similar conclusions can be drawn for other planar flows. 

Figure 1: The critical Reynolds number as the function of streamwise and spanwise wavenumber 
of the perturbations. (a) classical kinetic energy, (b) optimised generalised energy. 

aDep. Hydrodynamic Systems,  BME, 3 Műegyetem rkp., Budapest, Hungary 
1 Falsaperla et al., J. Eur. J. Mech. B Fluids. 93, 93-100 (2022).
2 Fratanale et al., Phys. Rev. E, 97, 063102 (2018) 
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Soret and viscous heating effects on the stability of the plane 
Poiseuille flow of a binary fluid mixture: linear and weakly 

nonlinear analyses 

K. Ali Amar1, S. C. Hirata1 and M. N. Ouarzazi1

The stability of the plane Poiseuille flow of a binary fluid is studied through linear and 
weakly nonlinear analyses. Both viscous dissipation and the Soret effect are taken into 
account. No external temperature difference is imposed on the layer: the upper wall is 
isothermal while the lower boundary is adiabatic. Thus, the sole cause of thermal 
instability is the flow rate, through the volumetric heating induced by viscous 
dissipation. The linear stability analysis suggests that the most unstable perturbations 
are in the form of longitudinal modes. The nature of their bifurcation depends on the 
separation ratio ψ, which is a measure of the Soret effect. It is found that there exists a 
particular value ψCT at the codimension two bifurcation point such that for ψ > ψCT ,

the system undergoes a pitchfork bifurcation at the onset leading to monocellular flow 
when ψ > ψmono. On the other hand, when ψ < ψCT , a Hopf bifurcation may set up

leading to oscillatory convection. Critical Reynolds numbers and frequencies for the 
convection onset are determined as functions of the different governing parameters. 
The study of the third order amplitude equation shows that subcritical bifurcations may 
occur for sufficiently large values of the Gebhart and Prandtl numbers. Increasing the 
Lewis number and/or the separation ratio ψ favors subcritical bifurcations. 

1 Unité de Mécanique de Lille, URL 7512, Université de Lille, Bd. Paul Langevin, CEDEX, 59655

Villeneuve d’Ascq, France
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Weakly nonlinear evolution of stochastically driven nonnormal 
systems. 

Y. -M. Ducimetièrea, E. Boujoa, F. Gallairea

We consider nonlinear dynamical systems driven by a stochastic forcing. It has 
been largely evidenced in the literature that the linear response of nonnormal systems 
may exhibit a large variance amplification even in a linearly stable regime. It is typically 
the case for some parallel or nonparallel fluid flows, governed by the Navier-Stokes 
equations1,2,3. 

However,  the linear response is relevant only in the limit of vanishing forcing 
intensity. As the latter increases, the spectrum and the variance of the response may 
be strongly modified, owing to nonlinear effects4.  

To go beyond this limitation, we propose a theoretical approach to derive an 
amplitude equations governing the weakly nonlinear evolution of these systems. This 
approach, contrarily to classical ones, does not rely on the presence of an eigenvalue 
close to the neutral axis, and the Fourier components of the response are allowed to 
be arbitrarily different from any eigenmode. It applies to any sufficiently nonnormal 
operator, and reconciles the nonnormal nature of the growth mechanisms with the 
need for a centre manifold to project the leading-order dynamics.   

The methodology is outlined for a generic nonlinear dynamical system, and the 
application case highlights a common2 nonnormal mechanism in hydrodynamics: the 
convective nonnormal amplification in the flow past a backward-facing step. At low 
numerical cost, the amplitude equation quantifies the respective contribution of each 
dominant nonlinear interaction, thus bringing insight on the saturation mechanisms of 
the stochastic amplification.  

a
Laboratory of Fluid Mechanics and Instabilities, EPFL, CH1015 Lausanne, Switzerland 

1 Farrell and Ioannou, Phys. Fluids A 5, 11 (1993).
2 Dergham et al., J. Fluid Mech. 719, (2013).
3 Fontane et al., J. Fluid Mech. 613, (2008).
4 Mantic-Lugo et al., Phys. Rev. Fluids 1, (2016)
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Boundary layer flows over solid and viscous stretching sheets 

P. T. Griffithsa and N. Hanevya 

Boundary layer flows induced by the extrusion of a surface have received considerable 
attention since they were first described by Sakiadis1. These so-called ‘stretching flows’ 
are of practical importance to chemical and metallurgy industries where extrusion 
processes are commonplace. The vast majority of previous studies in this area consider 
the stretching sheet to be solid and free from deformation. Until very recently these 
types of flows were thought to be linearly stable. However, recent work2 has shown that 
these flows are, in fact, linearly unstable to disturbances in the form of Tollmien-
Schlichting waves. Our current analysis considers the effect of a large temperature 
gradient between the surface of the stretching sheet and the stationary flow outside of 
the boundary layer region. We will report on the linear stability characteristics of these 
flows and will draw comparisons with previous investigations. In addition to this, we 
will also consider the dynamics of a viscous sheet that thins as it is stretched. Our work 
is motivated by Al-Housseiny & Stone3 who were the first to consider the isothermal 
problem. The coupling of the dynamics of the sheet and the induced boundary layer 
flow imposes restrictions on the validity of self-similar base flow solutions. We expect 
to be able to report on a range of physically relevant base flow solutions that take in to 
account both the viscous nature of the sheet and the large temperature discrepancy 
between the sheet and the outer boundary layer flow.

a
Centre for Fluid and Complex Systems, Coventry University, CV1 5FB, Coventry, UK 

1  Sakiadis, AIChE J 7, 221 (1961).
2  Griffiths et al., Phys. Fluids 33, 084106 (2021).
3  Al-Housseiny and Stone, J. Fluid Mech. 706, 597 (2012).

Figure Error! Main Document Only.: A schematic plot of the flow over a solid stretching

sheet. The flow is driven by the stretching function 𝑓(𝑥∗). The streamwise flow profile increases
as a function of the streamwise coordinate. Far away from the sheet the wall-normal flow 
component is directed back towards the solid wall. 
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Linear stability of axisymmetric thermocapillary flow 
in a sessile droplet on a hot or cold substrate 

L. Babora and H. C. Kuhlmanna

The axial symmetry breaking of steady thermocapillary flow in a sessile droplet with 
wetting radius R of a non-volatile liquid with thermal diffusivity κ and temperature
coefficient of surface tension γ on a plane solid substrate with a constant temperature
Tw is investigated numerically by means of linear stability analysis. An indeformable 
spherical free surface of the droplet is assumed. The heat transfer between the free 
surface and the ambient gas at a uniform temperature Ta is modeled using Newton’s
law of cooling. The dependence of the critical Marangoni number Mac = ΔTc γ R/(µκ)
on the contact angle α and the Prandtl number Pr is computed, where 
ΔT = |Tw − Ta|. We consider both cases, when the substrate is either hotter (Tw > Ta)
or colder (Tw < Ta) than the ambient.

For a hot substrate, small contact angles (α < 10°) and sufficiently large Prandtl 
numbers (Pr > 0.75) we find non-axisymmetric steady Benard−Marangoni cells near 
the center of the droplet. When the contact angle is increased beyond α > 13° the 
critical mode starts rotating and the critical wave number m depends sensitively on α.
Mac increases strongly for α > 18 (fig. 1a). 

For non-wetting droplets (α > 90°) and low Prandtl numbers (Pr < 0.06) we find a 
steady thermocapillary instability for both hot and cold substrates. In the latter case 
the critical curve Mac(Pr) turns backwards (fig. 1b), leading to a linear stabilization of 
the axisymmetric flow upon increasing the Marangoni number. For still higher 
Marangoni numbers and higher contact angles oscillatory critical modes can arise. In 
the talk, stability boundaries, modal structures and physical mechanisms shall be 
addressed. 

Figure 1: (a) Dependence of the critical Marangoni number on the contact angle for a 
droplet with Pr = 16.36 on a hot substrate; (b) Dependence of the critical Marangoni 
number on the Prandtl number for a droplet on a cold substrate. 

a
Institute of Fluid Mechanics and Heat Transfer, TU Wien, Getreidemarkt 9, 1060 Vienna, Austria

(a) (b) 
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Tilted rotating annular photobioreactors 

P. Meuniera, C. Lefranca,b, C. Nobilia, B. Roumezib and O. Detournayb

We have studied the flow inside a new type of photobioreactor used for the growth of 
microalgae. It consists of a rotating cylindrical annulus with an axis tilted with respect 
to the vertical (see figure 1a). The free surface remains horizontal which forces inertial 
(Kelvin) modes of azimuthal wavenumber m=1 exactly as in a precessing cylinder or 
annulus. The height of fluid is chosen at the node of the mode leading to a divergence 
of its amplitude1. It creates a strong 3D laminar flow even for small tilt angles. 
While increasing the Reynolds number, this steady inertial mode can destabilize via a 
triadic resonance as in a tilted cylinder2 and a precessing annulus3. Particle Image 
Velocimetry (PIV) measurements indeed reveal the presence of two inertial modes of 
azimuthal wavenumbers m=8 and m=9 (see figure 1b). 
Using Laser Induced Fluorescence we found that this flow creates a strong mixing as 
efficient as using a classical Rushton turbine but with a shear 20 times smaller. 
This soft mixer is particularly interesting for photobioreactors which require an 
efficient mixing of carbon dioxide, a homogeneous illumination (from the inner and 
outer side) but where a strong shear can damage fragile cells. Shear sensitive 
dinoflagellates (Amphidinium spp) have been introduced in this bioreactor. The 
growth of these microalgae is maintained at a fast duplication rate, even at very large 
concentrations. These promising results suggest that this type of photobioreactors can 
be a technological breakthrough in biotechnologies for the culture of fragile cells such 
as microalgae or animal cells such as stem cells. 

a
IRPHE, CNRS, Aix-Marseille Univ, Centrale Marseille, France.

b
Planktovie, 45 rue Joliot Curie, Marseille, France. 

1 Xu and Harlander. Phys. Rev Fluids, 5(9), 094801 (2020)
2 Meunier, J. Fluid Mech. 903, (2020).
3 Lin, Noir and Jackson, Phys. Fluids, 26(4), 046604 (2014).

(a)  (b) (c) 

Figure 1: (a) Schematic view of the bioreactor. (b) PIV vorticity measurement of the triadic 

resonance instability. (c) Dinoflagellate growing in the photobioreactor. 
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Jetting onset on the free surface of a flow past submerged 
obstacles 

R. Martín Pardoa, J. Nedića

An analytical model for two-dimensional perturbations on the surface of a semi-
infinite fluid, due to the submersion of a circular cylinder1, has been developed 
following the approach of Makarenko2. The model predicts whether a central column, 
formed as the free surface moves away from an obstacle, will evolve into a thin jet, or 
dissipate the perturbation energy in the form of gravity waves.  We present results from 
a novel experiment, involving a rapidly accelerated fluid pushed around a submerged 
obstacle, to validate the predictions of the theoretical model. Figure 1 shows the 
experimental input parameters that affect the surface profile, namely the obstacle radius 

𝑅, the initial surface depth 𝐻0, and the average surface velocity �̅�. 
Observations on the state of the formed perturbations are shown in figure 2, classified 

as a function of two nondimensional variables: the Froude number Fr and the 

nondimensional initial surface depth 𝐻∗. The demarcation between regions where
gravity waves and jets are observed on the surface is indicated with a solid line for 
experiments, and dashed line for the theoretical model. The theoretical boundary closely 
follows the experimental result, with minor discrepancies observed for small Froude 
numbers, where the effects of viscosity (which are not accounted for in the theoretical 
model) become more relevant on the formation of the jets. 

a Dept. Mechanical Engineering, McGill University, Montréal, Québec, Canada 
1 Martín Pardo and Nedić, J. Fluid Mech. 926, A1 (2021). 
2 Makarenko, Proc. of the international conference on OMAE, vol.3, pp. 807-812. 

Figure 1: Surface classification map. Figure 1: Experimental inputs 
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Sensitivity analysis and passive control of flows 
around NACA 4412 swept wings 

G. Nastroa,b, J.-C. Robinetb, J.-C. Loiseaub, P.-Y. Passaggiaa and N.
Mazelliera

Sensitivity analyses1,2 can provide valuable insights for determining control strategies 
suppressing separation and minimising the drag force. Indeed, during take off and 
landing phases, which are characterised by relatively large angles of attack, the use of 
complex wing geometries can lead to the formation of massively separated flow 
regions on the suction side of the wing. This reversed flow region causes a large 
increase of the drag exerted on the wing and can possibly induce stall, a major limiting 
cause for rapid take off and climbing to cruise altitude. Designing efficient control 
strategies to mitigate these issues is thus critical and represents the objective of the 
H2020 Clean-Sky project PERSEUS which supports the present research.

 Global stability analysis is performed on steady spanwise-homogeneous separated 
flows developing around periodic NACA 4412 swept wings for different angles of 
attack and Reynolds numbers. The objective is to provide a complete description of 
the stability properties of the global eigenmodes and the adjoint-based sensitivity1 of 
such flows with respect to the application of external forces. 

a 
Laboratoire PRISME, Université d’Orléans, 45072 Orléans Cedex, France

b 
Laboratoire DynFluid, Arts et Métiers ParisTech, 75013 Paris Cedex, France
1 Marquet et al., J. Fluid Mech. 615, 221-252 (2008). 
2 Boujo and Gallaire, Proc. R. Soc. A 470, 20140365 (2014).

Figure 1: (a) Variations of the growth rate as a function of the location of a localised steady 

force; (b) eigenspectrum of the uncontrolled (ε = 0) and controlled flow (ε ∈ ]0;0.75]); (c) 
growth rate as a function of the amplitude ε for the most unstable global modes. 
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Linear stability analyses for shallow geophysical flows of arbitrary 
rheology 

Jake Langhama,b, Andrew J. Hogga, Mark J. Woodhouseb and Jeremy C. 
Phillipsb 

The classical shallow water equations describe open channel flows of turbulent water, 
whose lateral extent far exceeds their characteristic depth. Over the past 40 years, the 
essential framework of these equations has been extensively applied to model flowing 
media with other complex rheologies, such as granular flows, mudflows and 
particulate suspensions. A feature common to these systems is the formation of steady 
uniform layers and travelling waves, which become linearly unstable if the 
dimensionless Froude number Fr = u/(gh)1/2 (where h and u denote the flow depth
and velocity respectively, and g is gravitational acceleration) exceeds a critical value.

The proliferation of shallow flow models makes the case for conducting analyses 
that are not specifically tied to a particular rheology. Inspired by the seminal work of 
Trowbridge1, who determined the critical Fr for instability of uniform layers of flow
subject to an arbitrary basal drag law, we firstly analyse the linear stability of general 
shallow monoclinal travelling waves. Simple formulae for the critical Fr and
corresponding unstable growth rates are derived that may be easily specialised to 
obtain results for established models and novel rheologies alike. Our analysis includes 
general closures for the presence of shear in the flow velocity profile and we 
demonstrate that these oft neglected terms can significantly affect the linear instability 
properties. By encompassing many systems, we elucidate some of the fundamental 
features that separate various shallow flows. 

Additionally, we analyse extended shallow-layer models, popular in geophysics, 
which allow for the effects of morphodynamic exchange of sediment (via erosion and 
deposition) between the flow and the underlying bed. In this case, we show that the 
simplest descriptions, in which eroded sediment is entrained directly into a well-mixed 
bulk flow, lead to models that are mathematically ill posed as initial value problems. 
This is linked to a singularity at Fr = 1 in the linearised equations, which leads to
disturbance growth rates that diverge in the short-wavelength regime. We investigate 
two ways to physically regularise this singularity and analyse in detail its associated 
instability, which is necessarily absent from comparable non-morphodynamic flows. 
Our conclusions, which apply to a wide class of models are illustrated for a set of 
simple generic closures. By including the effect of hindered particle settling, we argue 
that where steady uniform layers exist, they bifurcate into two coexistent solutions: a 
stable dilute flow and an unstable concentrated one. 

a
School of Mathematics, Fry Building, University of Bristol, UK, BS8 1UG

b
School of Earth Sciences, Wills Memorial Building, University of Bristol, UK, BS8 1RJ 

1 Trowbridge, J. Geophys. Res.–Oceans 92 (C9), 9523–9530 (1987). 
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Manipulation of Viscous Fingering Instability 
during Fluid-Fluid Displacement 

Peichun Amy Tsai1, Alban Pouplard, and Grégoire Bongrand 

Fluid-fluid displacements in porous media are common processes omnipresent in both 
natural and industrial applications, for example, printing, coating, membrane 
technologies, groundwater hydrology, CO2 geological sequestration, and enhanced 
oil recovery (EOR) technologies. In particular, when a less-viscous fluid displaces 
another immiscible, more-viscous one in confined spaces, such viscosity contrast 
triggers a flow instability, manifested in the shape of fingers, at the interface1. Due 
to some undesirable and detrimental impacts of such fingering instability with a 
partial sweep on processes such as EOR or coating flows, much interest has recently 
grown on how to control the viscous fingering instabilities, for instance, using an 
elastic membrane, time-varying flow-rates, and a gap gradient by tapering one plate 
of a Hele−Shaw cell, as efficient techniques to suppress the viscous fingering 
instabilities2,3. However, the control of viscous fingering of complex fluids has rarely 
explored. Here, we experimentally examine the stability of fluid-fluid displacements 
combining a radially converging depth with a suspension in the more viscous, 
displaced fluid. Our studies reveal the possibility of tuning radial viscous fingering 
instabilities of suspensions by using inhomogeneous passages. The results of the 
critical injection pressure

 
and interface velocity

 
depending on gap gradient and 

particle concentration can be beneficial to design structures or predict the viscous 
fingering instabilities.   

Figure 1: Fluid-fluid displacement experiments using a Newtonian fluid and a suspension at 

different gas injection pressure, p. 

Dep. Mechanical Engineering, University of Alberta, Edmonton, Alberta, T6G 1H9, Canada
1 G.M. Homsy, Annu. Rev. Fluid Mech. 19, 271 (1987).
2  T. T. Al-Housseiny, P. A. Tsai, H. A. Stone, Nat. Phys. 10, 747 (2012).
3 G. Bongrand, P. A. Tsai, Phys .Rev. E Rapid  97, 061101(R), 2018.  
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Pipe flow transition led by hair-pin vortices in microbubble 
mixture 

Yuji Tasakaa, Yusuke Ishimatsua, Daisuke Notoa, Yasufumi Horimotoa, 
and Yuichi Muraia 

Flow transition in multiphase media has attracted attention in recent years. The 
present study aims to elucidate influence of microbubbles in the transition process of 
pipe flows toward turbulent puffs triggered by a crossflow jet as a finite amplitude 
perturbation. Flow visualization using flakes for the main pipe flow and dye for the jet 
indicated that the transition occurs even for small amplitude of the perturbations if 
the jet creates hair-pin vortices, and the puff is generated following the hair-pin 
vortices (see timeline image in Fig. 1(a), where the orange part represents fluid injected 
by the jet as the perturbation.). This suggests that the hair-pin vortices modify the base 
flow to allow gradual growth of small perturbation it the main flow to a puff.  
     Microbubbles generated by water electrolysis immediately upstream of the 
injection point of the perturbation lowered the critical amplitude of the perturbation 
to create a puff. The generating microbubbles disturbed the flow but itself did not 
cause the transition. The flow visualization indicated that heads of the hair-pin 
vortices take a position closer to the centre of pipe; this may effectively modify the 
base flow to enhance the transition. Simple image processing on the timeline image to 
detect individual microbubbles dispersed in the pipe flow elucidated that the bubbles 
are accumulated by the hair-pin vortices (see Fig. 1(b)). This may activate the hair-pin 
vortices by buoyancy effect and enhance transverse motion of the vortices toward the 
centre of pipe by stronger self-induced velocity acting on the vortices.  
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Fig. 1 (a) Timeline image of pipe flow transition to a turbulent puff at Re = 2,000,
where injected perturbation and the main flow are visualized by dye (orange) and 
flakes (b) Time-space distribution of number density of microbubbles 

a Faboratory for Flow Control, Faculty of Engineering, Hokkaido University, Japan 
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DNS of the Taylor-Couette flows in the short configurations with 
co- and counter-rotating cylinders 

E. Tuliszka-Sznitkoab

In the Taylor–Couette configurations with differentially rotating cylinders the large 
variety of the flow states (connected with the laminar – turbulent transitional flow and 
the fully turbulent flow) is observed. Here, the author reports on the 3D direct 
numerical simulations of the transitional flow between co- and counter-rotating 

cylinders with radius ratio of =0.5, 0.74 and 0.9. The computations are performed 

for Reynolds number up to 3000, aspect ratio from the range =3.8 - 4.05 and for the 
wide range of the outer-/inner-cylinder Reynolds number ratio Reout/Rein. The flow 

example of =0.9 is used to compare the present DNS computations with those 
published by Crowley et al.1. The computations are performed for the end-walls 
attached to the inner cylinder. A large number of the consecutive bifurcations have 
been observed. Figures 1a and 1b show the example 3D flow structure and the flow 

structure observed in the (, z) plane (=0.5, =3.85, Re=990, Reout/Rein =0.2, r=0.0 
- the middle section of the cavity). From figure 1a and 1b we can see that the vortices
are located symmetrically with respect to the central line z=0. With the further
increase of Reynolds number the small-scale azimuthal vortices become prevailing.

The flow visualization is performed using the 2 method. The characteristics of the
flow statistics is presented (with emphasis on the time-averaged mean field, the r.m.s
velocity fluctuations and the Reynolds stress tensor components profiles). The results
are discussed in the light of the papers1, 2. 

a
Institute of Thermal Energy, Poznan University of Technology, 60-965 Poznan, Poland 

1 Crowley et al., J. Fluid Mech. 892, A12 (2020).
2 Lopez, J. Fluid Mech. 793, 589 (2016).

 a)                                               b) 

Figure 1: (a) The 3D flow structure, (b) the flow structure observed in the (, z) plane - the 

results are obtained in the middle section of cavity, r=0. Re=990, =0.5, =3.85, 

Reout/Rein=0.2   
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Instability modes due to thermomagnetic convection in a 
cylindrical annulus filled of a ferrofluid under a magnetic field. 

A M. HIREMATHa, A. MEYERa, H N. YOSHIKAWAb and I. 
MUTABAZIa. 

A linear stability study was performed on a ferrofluid confined in a cylindrical annulus 
with a radial temperature gradient and with an applied magnetic field created by a 
stack of magnets inside the inner cylinder1. The inner cylinder of radius R1 is hotter 
than the outer one with the radius R2. The cylinders can rotate independently.  
The ferrofluid is subject to a centrifugal force due to rotation, a centripetal magnetic 
force generated by the applied magnetic field and to the Archimedean buoyancy in 
terrestrial conditions. The flow control parameters are the radius ratio η=R1/R2, the 
Taylor number (Ta) which characterizes the rotation, and the magnetic Rayleigh 
number (Ram) which defines the magnetic buoyancy. 

Figure 1: (a) The flow configuration under study, (b) The critical eigenfunctions in r-z plane. 

The instability modes are investigated for inner rotating cylinder under microgravity 
condition2 and solid body rotation for terrestrial conditions. We have determined the 
marginal stability states (i.e. those with vanishing time growth rate) and the critical 
states which correspond to the minima of the marginal stability curves. The threshold 
Ramc increases with an increase in radius ratio η and with the Taylor number Ta. 
In microgravity, the critical modes are magnetic because they are triggered by 
magnetic buoyancy. In terrestrial conditions, we have found two types of critical 
modes: at weak magnetic fields, critical states are thermal modes because of the 
Prandtl number (Pr) of the ferrofluid3 and for intense magnetic fields, critical states 
appear in form of magnetic modes. These magnetic modes can be either stationary or 
oscillatory depending on the rotation regime of the cylinders. 

a
Normandie Université, UNIHAVRE, CNRS UMR 6294, LOMC, 53 rue de Prony, 76058 Le Havre 

Cedex, France. 
b

Université Côte d’Azur, CNRS UMR 7010, INPHYNI, 1361 Route des Lucioles, 06560 Valbonne, 

France. 
1

R. Tagg et al, Z. Angew. Math. Phys., 58, 431-456 (2007).
2

A. Meyer et al, Phy. Rev. Fluids, 7, 023901 (2020).
3

A. Bahloul et al, Eur. Phys. J. Appl., 9, 253-264 (2000).
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An almost subharmonic instability in the flow past rectangular 
cylinders

A. Chiarinia, M. Quadrioa and F. Auteria

The flow past bluff bodies with sharp corners is ubiquitous in practical applications 
and is of importance for fundamental research. The flow is complex, with massive 
separations at the corners producing shear layers that may reattach, several 
recirculating regions that may foster different instabilities and a large downstream 
wake. 
The rectangular cylinder is the prototype of such bodies. Already at moderate 
Reynolds numbers the flow dynamics depends on the aspect ratio AR, i.e. the length-
to-thickness ratio1 . 
The primary and secondary instabilities of the flow past a square cylinder (AR=1) 
have been largely studied over the years2,3. In contrast, the instabilities of the flow past 
longer rectangular cylinders (AR>1) have received less attention, perhaps under the 
assumption that no substantial changes from the square cylinder are to be expected. 

a
Dep. Aerospace Sciences and Technologies, Politecnico di Milano, Italy

1 Okajima, J. Fluid Mech. 123, 379-398 (1982). 
2 Robichaux et al., Phys. Fluids 11(3), 560-578 (1999). 
3 Blackburn and Sheard, Phys. Fluids 22(3), 031701 (2010). 

Figure 1: (a) The unstable Floquet multipliers in the complex plane. (b) Instantaneous flow 

visualisation from DNS for AR=5 at Re=500. 
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The spatial wind-wave growth in a coupled shear flow 

M. Gevaa and L. Shemera

The surface wave excitation by wind is usually attributed to the shear flow instability 
at the air-water interface. At early stages of evolution, the lengths of the waves are 
short, thus the effect of viscosity is essential. The viscous shear flow instability is 
described by the linearized coupled Orr-Sommerfeld (OS) equations in air and water; 
the boundary conditions impose equality of velocity components and continuity of 
stresses at the interface, as well as the decay of all disturbances at infinity1. The 
solution of the OS equations requires the vertical velocity profiles in air and in water 
as input; it is customary to account for a two-dimensional turbulent airflow by 
adopting the linear-logarithmic velocity profile over smooth surface2. However, even 
when assuming smooth water surface, the outcome of the OS equation is sensitive to 
the shape of the adopted velocity profile3. Recently, we demonstrated that the OS 
coupled equations may be integrated into a comprehensive model that describes the 
entire wind-wave evolution process from the initially smooth surface to steady waves4. 
The characteristic surface elevation in the model is estimated by considering the 
amplification of all random unstable harmonics defined by their wavelengths. The 
accuracy of the model was demonstrated at moderate wind forcing; yet for stronger 
winds and larger downstream locations, the water surface becomes rough and the 
model fails at advanced stages of evolution. In order to describe the wave field 
development under these conditions, the velocity profiles and the OS equations need 
modification. Following ref. [5], we show that in order to couple the mean velocity 
profile with the Reynolds stresses, the OS equations need to be adjusted. Reynolds 
stresses are estimated using the van Driest eddy-viscosity mixing length model. The 
velocity profiles in the vicinity of air-water interface and the modified OS equations 
yield growth rates that differ notably from the original estimates1-3. Further, the rough 
turbulent profiles computed using van Driest formulation, that agree with the 
measured vertical velocity distributions at various downstream distances and steady 
wind forcings6, are used to obtain spatial growth rates. The results are then applied in 
the OS-based model4 and compared  with variation in space of the characteristic wave 
energy and dominant frequency measured in our experimental facility. 

a
School of Mechanical Engineering, Tel-Aviv University, Tel-Aviv 6997801, Israel 

1 Valenzuela J. Fluid. Mech. 76, 229-250.
2 Miles J. Aero. Sci. 24, 704 (1957)
3 Abid et al J. Mar. Sci. Eng. 10, 46(2022)
4 Geva & Shemer Phys. Rev. Letters. In press.
5 Yeo et al. J. Fluid. Mech 449, 141-168 (2001).
6 Geva & Shemer J. Fluid. Mech. 935, A42. (2022).
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Richtmyer-Meshkov Instabilities in Newtonian and Viscoelastic 
Flows 

Usman Rana Mohammada, Thomas Abadiea, Nathan Joinerb,
Omar K. Matara 

Richtmyer-Meshkov instabilities (RMI) develop due to the perturbation growth at the 
interface between two fluids of different densities. This perturbation growth is 
initiated by a shockwave interaction with the interface.  In inertially confined nuclear 
fusion targets, RMI can lead to the mixing of fluids at the fuel capsule interface. This 
mixing can influence the fuel dynamics and subsequent energy distribution in the 
fusing fuel. Reduced temperatures or density in the core will inhibit fusion yield. This 
research aims to study viscoelastic effects on the evolution of RMI at conditions 
relevant to planar shock-induced inertially confined nuclear fusion experiments. We 
have performed single-mode Richtmyer-Meshkov instability simulations using liquid 
deuterium/melted polymer as fluids. The initial validation is conducted with the 
air/SF6 RMI experiment of Jacobs and Krivets1. The simulations are performed with 
the open-source CFD code BlastFoam. We have further developed BlastFoam to 
capture viscoelastic flows. Moreover, we have developed an algorithm to extract the 
features of Richtmyer-Meshkov Instability such as amplitude, span, width and neck to 
reveal the influence of viscoelastic effects on the amplitude, span, width and neck of 
RMI. 

a
Dep. Chemical Engineering, Imperial College London, South Kensington Campus, SW7 2AZ, UK

b
First Light Fusion, Oxford Industrial Park, 10 Mead Rd, Yarnton, Kidlington OX5 1QU, UK 

1 Jacobs and Krivets, Proceedings of the 23rd International Symposium on Shock Waves, Texas, 2002, USA

Figure 1: Comparison of RMI span prediction by BlastFoam (green amr level 4, blue amr level 

3, brown amr level 2) with Jacobs and Krivets experiment (black dots) using air/SF6 as fluids 
and 1.3 Mach shock wave.  
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On eddy viscosity models for linear modeling of self-similar jet 
turbulence

K. Oberleithnera, P. Kuhna, S. Knechtela,b, , J. S. Müllera

In this talk, we address the question of turbulence modeling in mean-field-based 
linearized analysis of turbulent flows. Several recent studies on unconfined and wall-
bounded flows have shown that the inclusion of an ad-hoc eddy viscosity model 
substantially improves the prediction of linearized analysis such as resolvent analysis 
or linear modal analysis. To shed further light on the role of the eddy viscosity, we 
revisit the turbulence of the far field jet. This very classic flow regime has the great 
advantage that it meets all criteria for the Boussinesq hypothesis, which is the 
cornerstone of the eddy viscosity models used in the majority of linearized analyses.  
The flow field is captured quantitatively using time-resolved stereoscopic PIV, and the 
snapshots are decomposed in azimuthal modes and frequency-ranked SPOD modes. 
We observe low-rank dynamics over a wide range of frequencies covering all 
productive scales. Exploiting the weakly non-parallel nature of the mean flow, we 
conduct a local spatial stability and resolvent analysis, both yielding excellent 
agreement with the identified empirical modes.  
Next, we conduct a parametric study to find the optimal eddy viscosity targeting the 
best alignment between the linear modes and the SPOD modes. We observe that the 
optimal eddy viscosity is frequency-independent in excellent consistency with the 
mean field and self-similar scaling laws of the turbulent spectrum.  
We further analyze the spectral energy budgets based on the linearized results and the 
data-driven modes. For this analysis we conceptionally split the remaining nonlinear 
term into a dissipative part, captured by the eddy viscosity model, and a remaining 
forcing part, which is expected to account for the energy gain due to nonlinear 
interaction. The energy balance further allows to make conclusions about the color of 
the forcing, showing that white-noise forcing is reached at small scales in agreement 
with the local asymptotic hypothesis.   

Based on these investigations we come to the following conclusions: 
1. The far field jet seems to be a good best-case scenario to evaluate eddy viscosity

models for linearized analysis
2. The optimal eddy viscosity is the one that captures the dissipative part of the

nonlinear energy transfer.
3. The forcing seems to represent the energy transfer from other scales and is only

white noise when reaching the locally isotropic scales.
4. Including this viscosity, the low-rank dynamics found in the data-driven

analysis are represented by a single stable eigenmode, indicating a resonance
amplification mechanism subjected to stochastic forcing.

a
Laboratory for Flow Instability and Dynamics, TU Berlin, Germany 

b
Department of Computational Fluid Dynamics, TU Berlin, Germany 
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Finite-amplitude elastic waves in viscoelastic channel flow 

G. Buzaa, M. Beneiteza, J. Pageb, R. R. Kerswella

Small concentrations of long-chain polymers in a Newtonian solvent can give rise to 
interesting new behaviour. Most notably, `Elastic’ turbulence (ET) can exist at 
vanishingly small Reynolds numbers Re and an apparently-different `Elasto-inertial’
turbulence (EIT) can exist at finite Re and large Weissenberg number Wi.  The recent
discovery of a new viscoelastic instability1 at even larger Wi has provided a plausible but
tentative explanation for EIT and since this instability also reaches Re=0, hinted at a
tantalising connection between ET and EIT.  However, showing how the neutral curve 
can influence flow dynamics at lower Wi has needed clarification.

In this talk2 we will show how branch continuation techniques using the FENE-P 
model demonstrate the existence of finite-amplitude travelling waves arising from the 
instability at much lower Wi than the neutral curve: see Figure 1. The travelling waves
on the lower branch are surprisingly weak indicating that viscoelastic channel flow is 
susceptible to (nonlinear) instability triggered by small finite-amplitude disturbances for 
Wi and Re where EIT exists. These travelling waves – previously called `arrowheads’ in
DNS3 – can be traced down to Re=0 and then down to Wi=7.5  for a maximum polymer
extension parameter of O(100). Possible connections to ET will also be discussed. 

Figure 1. Linearly and nonlinearly unstable regions in the Wi-Re plane for the solvent-to-total

viscosity ratio b=0.9, Lmax=500 in Left panel. Coloured horizontal lines correspond to 
travelling wave solution branches plotted in the Right panel at Re={30,60,200,1000} (A is an
amplitude measure based on tr(C) where C is the conformation tensor).

a
DAMTP, Centre for Mathematical Sciences, Wilberforce Road, Cambridge, CB3 0WA, UK 

b
School of Mathematics, University of Edinburgh, EH9 3FD, UK 

1 Garg et al., Phys. Rev. Lett. 121, 024502, (2018).
2 Buza et al., arXiv, 2202.08047, (2022).
3 Dubief et al., arXiv, 2006.0667v3, (2021).
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Fingering instability on a sphere 

S. Djambova and F. Gallairea

We investigate the stability of a gravity-driven thin film of viscous Newtonian fluid, 
coating the outer surface of a sphere, in the framework of lubrication theory. Near the 
advancing front, the emergence of a capillary ridge, prone to transverse instabilities, 
announces the breakup of axisymmetry. Ultimately, as thicker regions flow faster, the 
front splits into separate fingers (Figure 1).  

The selection of the number of fingers is highly intricate due to the normal and 
tangential gravity components’ variation along the substrate, combined with the 
increasing circumference that the front needs to cover. In fact, the width of the 
capillary ridge, which sets the characteristic length scale for the instability, is inversely 
proportional to the front’s polar position (and hence, to its perimeter). The locally 
most unstable fingering number should increase as the front advances.  

However, similar to the fingering instability on a horizontal cylinder2, the draining 
flow’s time-dependence makes the traditional modal stability analysis unsuitable. Thus, 
we perform a linear optimal transient growth analysis in order to determine the fastest 
growing initial perturbation of the film thickness profile for given fingering number 
and time horizon. This results in a prediction of the most amplified number of fingers, 
as a function of the time horizon, that we compare to experimental observations1.  

a
Laboratory of Fluid Mechanics and Instabilities, École Polytechnique Fédérale de Lausanne, 1015 

Lausanne, Switzerland 
1 Takagi and Huppert, J. Fluid Mech. 647, 221 (2010).
2 Balestra et al., J. Fluid Mech. 868, 726 (2019).

t=80 t=480 t=2880 

Figure 1: Simulation of the full non-linear 2-dimensional lubrication equation. The 
perturbation optimised for 21 fingers and for the time horizon T=120 is added to an 
axisymmetric initial condition. 
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On the origin of swirl-switching in 90°-bend pipe flow 

V. Lupia, R. Örlüa, P. Schlattera

Swirl-switching is an oscillation of the Dean vortices with respect to the plane of 
symmetry of the curved pipe, and it has been observed in both spatially developing 
bent pipes1 and infinitely curved ones2. There are, to the best of the authors’ 
knowledge, several studies in the literature that investigate this phenomenon. In a 
recent one1, it was shown that swirl-switching has a three-dimensional wave-like 
structure, albeit its cause is yet to be understood. The present work aims at 
understanding the physical mechanism that originates the swirl-switching. For this 
purpose, both linear and nonlinear direct numerical simulations (DNS) of the flow in 
a 90°-bend pipe are carried out using a spectral element code. The parameters 
governing the flow are the curvature δ, i.e. the ratio between the radius of the pipe
cross-section and the radius of curvature of the bend, and the bulk Reynolds number 
Reb, based on the bulk velocity, the diameter of the cross-section of the pipe and the 
kinematic viscosity. The 90°-bend flow under investigation is characterized by a 
curvature δ = 1/3 and Reb = 11700. At the first stage, a linear analysis of the turbulent 
mean flow is carried out, employing only the molecular viscosity, not taking into 
account the effect of the Reynolds stresses. The amplitude of the perturbations 
evolving on top of the mean flow is found to be decaying, and their spatial structure 
does not resemble that of the POD modes found in the previous works1 (see Fig. 1 
for a comparison). 
Future work will therefore involve the use of an eddy-viscosity model in the linear 
analysis, to investigate the structural sensitivity of the swirl-switching modes. 
Moreover, a resolvent-based approach, coupled with modal decomposition 
techniques, will be used to investigate the input-output relationship between the swirl-
switching modes and the nonlinear forcing.  

Figure 1: (left) Most unstable perturbation resulting from the linear analysis in the present 
work. (right) POD modes from Hufnagel et al. (2018)1. 

a FLOW/SimEx, KTH Royal Institute of Technology, Stockholm, SE 100-44, Stockholm, Sweden 
1 Hufnagel et al., J. Fluid Mech. 835, 86 (2018).
2 Noorani and Schlatter, Int. J. Heat Fluid Flow, 61, 108 (2016)
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Effect of Lewis number on the linear stability of jet flames

Christopher Douglasa, Wolfgang Polifkeb and Lutz Lesshaffta 

 Ongoing concerns about combustion-related greenhouse gas emissions have 
motivated substantial efforts towards integrating carbon-free alternative fuels such as 
hydrogen (H2) into existing energy infrastructure. Nonetheless, H2 is characterised by 
remarkably high mass diffusion rates (low Lewis numbers), giving its flames extreme 
sensitivity to stretch effects and thermal-diffusive instability1. These flame dynamics 
are also intimately coupled to the hydrodynamic properties of the flow within which 
the flame is embedded2. While these flame and flow dynamics are both mature areas 
of research when considered separately, relatively little is known about their behaviour 
when coupled interactions are included. 

a
LadHyX, Ecole Polytechnique, 91128 Palaiseau Cedex, France

b
Mech. Engineering, TU Munich, Boltzmannstr. 15, D-85747 Garching, Germany

1 J. Beita, et al., Hydrogen. 2, 1 (2021). 
2 M. Meindl, et al., Combustion and Flame. 223, (2021). 

Figure 1: (a) Steady flame shapes visualised by reaction rate contours and (b) corresponding 
global eigenspectra for indicated azimuthal wavenumbers m. 
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Control of growth of instabilities in axisymmetric boundary layer 
flow

Harvansh Dandeliaa, Vinod Narayananb 

The non-normal nature of the perturbations gives rise to short-term algebraic growth 
of perturbation energy which may cause an early transition of the flow into 
turbulence. The present work deals with the non-modal analysis of flow over a right 
circular cylinder and to control the optimal growth using wall transpiration. As the 
flow progresses in the axial direction, the boundary layer develops over the cylinder 
surface which is axisymmetric in nature. The linearised Navier-Stokes equations are 

written in the cylindrical coordinates (r, 𝛉, x). The time-dependent behaviour of the 
perturbations infused with the base flow is governed by the classical Orr-Sommerfeld 
equations. We used a state-space model approach to incorporate the control. A linear 
quadratic regulator (LQR) controller is used to obtain a feedback matrix which 
reduces the maximum growth of perturbation kinetic energy. The Reynolds number 
(Re) is defined using the free stream velocity, and displacement thickness. We used 
Chebyshev’s method to discretize the equations and the variational method to 
calculate the transient energy growth. The figure below shows the maximum transient 
energy growth at different locations on the cylinder surface with and without the 
control inputs. A reduction of more than 40% is achieved by our method. Further 
detailed results will be presented at the conference. 

a
Discipline of Mechanical Engineering, Indian Institute of Technology, Gandhinagar, Gujarat, 

382355, India 
b

Discipline of Mechanical Engineering, Indian Institute of Technology, Gandhinagar, Gujarat, 

382355, India 

Figure 1: Variation of maximum transient energy growth with and without control. x is 

distance from the inlet of the domain, a is the radius of the cylinder, n and α are the azimuthal 
and axial wavenumbers respectively. 
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Dynamics of low Reynolds number  impinging jet flows 
J. Sierra-Ausina,b, F. Giannettia, G. Carmelengoc, J. Sesterhenc,

A. Chaterjeed, V. Citroa, D. Fabreb P. Luchinib

We present a summary of comprehensive results for the dynamics of the unconfined 
(respectively, confined) laminar rounded compressible impinging jet and the confined 
plane incompressible impinging jet. We study these flow configurations from a 
dynamical system perspective, which aims to characterize the main underlying physical 
mechanisms responsible for the instabilities.  

Herein, we perform a characterisation of the bifurcation scenario in the parameter 

space: (H,Re,Ma), with H the nozzle to impinging wall distance, Re the Reynolds 

number, and Ma the Mach number. The identification of the fundamental fluid 

instabilities responsible of transition allows us the construction of a low-dimensional 

system that governs the evolution of the flow.  
We show that for sufficiently large values of H, the confined plane (2D) low 

Reynolds impinging jet flow displays intermittent dynamics. Such a feature is the result 

of the interaction between two physical mechanisms with a clear separation of scales, 

the slow convection in the recirculation region and the fast motion of the jet flapping. 

Such a mode-interaction is dynamically revealed by a Cusp-Hopf organizing centre. The 

slow-fast dynamics prevails also in the three-dimensional case, thus confirming that it 

is a robust mechanism, nonetheless with the presence of transversal travelling/standing 

waves. 
On the other hand, the rounded impinging jet flow also exhibits synchronized 

oscillations associated to a feedback loop, evidenced by the evolution of the frequency 

spectra with respect Mach number as Rossiter frequencies. However, in this flow 

configuration the convective motion within the recirculation region is somehow 

secondary. In the confined configuration, the self-sustained exists for all Mach numbers, 

yet with distinct spatial pattern, corresponding to different unstable structures. Further 

connections will be made with the unconfined configuration and the strong tonal noise 

observed in experiments at large subsonic Mach numbers.  
These results have implications for a variety of impinging flows such as those in jet-

flap devices, cooling applications, fluidic oscillators and membrane systems. 

a
Dip. di Ingegneria Industriale  (DIIN),Università degli Studi di Salerno, Fisciano 84084, Italy 

b
Institut de Mécanique des fluides de Toulouse (IMFT), Toulouse 31400, France 

c
Universität Bayreuth, Universitätsstraße 30, 95440 Bayreuth, Germany.

d
San Francisco State University, 1600 Holloway Avenue, HH 807B, San Francisco, CA 94132 
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Oblique boundary layer instability in a stratified ambient 

J. Yalima, J. M. Lopeza, B. D. Welferta

The instability and dynamics of a vertical oscillatory boundary layer in a container 
filled with a linearly stratified fluid are addressed. Past experiments have observed that 
when the boundary oscillation frequency is of the same order as the buoyancy 
frequency, the system is unstable to a herringbone pattern of oblique waves. Prior 
studies assuming the basic state to be a unidirectional oscillatory shear flow were 
unable to account for the oblique waves. By accounting for confinement effects 
present in the experiments, and the ensuing three-dimensional structure of the basic 
state, we numerically reproduce the experimental observations, opening the door to 
fully analyzing the impacts of stratification on such boundary layers. 

(b) α = 0.0180 (c) α = 0.0195(a)

Θz H Θz H
Figure 1 (a) Experimental observation from Robinson and McEwan (1975)2 (b,c) Numerical
observation3 of the vertical gradient of the temperature deviation from a linear stratification Θz

and the helicity density H=u · (∇ × u) pre-instability (b) and post-instability (c). 

a
School of Mathematical and Statistical Sciences, Arizona State University, Tempe, AZ; 85287, USA 

2  Robinson, McEwan, J. Fluid Mech. 68, 41-48.
3

Yalim, Welfert, Lopez, J. Fluid Mech. 933, R3.
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An experimental study of the mixing velocity for buoyancy-driven 
instabilities in porous media 

S. Bhagata, R. Muniyammala, S. S. Gopalakrishnanb and A. C. Mandala

A miscible interface separating two solutions containing two different solutes in a 
porous medium can deform into finger-like structures in a gravitational field due to 
buoyancy-driven instabilities. The Rayleigh-Taylor (RT) instability develops at the 
interface when a denser solution overlies a less dense one, whereas double-diffusive 
(DD) instabilities arise due to the differential diffusion of the solutes. The mixing
length L, defined as the vertical extent of the fingered zone, has been shown to grow
linearly when convection sets in. The mixing velocity, defined as the slope of this
linear growth, has been shown to scale linearly with the dynamic density difference1,2,
which is computed analytically from the diffusive base-state density profile. In the
present work, we experimentally investigate the scaling law for the mixing velocity in
the regimes of DD (without RT effects), and diffusive-layer convection (with and
without RT effects) in a Hele-Shaw cell.

a
Dep. Aerospace Engineering, IIT Kanpur, Kanpur, Uttar Pradesh -208016, India

b
Laboratoire de Physique des Lasers, Atomes et Molecules, CNRS UMR 8523, Université Lille 1 – 

   59655 Villeneuve d’Ascq Cedex, France 
1 Gopalakrishnan et al., Phys. Rev. E 98, 011101(R) (2018).
2 Gopalakrishnan et al., J. Fluid Mech. 914, A27 (2021).

Figure 1: (a) Mixing length L as a function of time for one-species RT (first two panels), and 
DD coupled with RT (Sucrose on top of NaCl). The mixing velocity (slope) is in good 
agreement with the theoretically predicted scaling law2. (b) The spatial distribution of the 
concentration fields for a scenario of DD coupled with RT effects (Sucrose on top of NaCl). 
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Global stability analysis of flow over a spheroidal cap with varying 
aspect ratio 

R. Muniyammala, S. S. Gopalakrishnanb, S. Kumara and A. C. Mandala

The global linear stability of a flow past an axisymmetric spheroidal cap with varying 
aspect ratio is investigated in the present study numerically. The aspect ratio, χ, which
is defined as the ratio of the length of the major axis and the minor axis, is varied 
systematically, and its link with the critical Reynolds number (based on the free stream 
velocity and the major axis) is investigated. The base flows are assumed to be 
axisymmetric and its stability with respect to three-dimensional perturbations is 
studied with varying azimuthal mode number. The primary bifurcation is stationary, as 
observed in the case of a sphere, with the secondary bifurcation being oscillatory. The 
critical Reynolds number is found to decrease with increasing aspect ratio as observed 
in a recent study2. 

a
Department of Aerospace Engineering, Indian Institute of Technology Kanpur, India-208016.

b
Laboratoire de Physique des Lasers, Atomes et Molecules, CNRS UMR 8523, Université Lille 1 – 

   59655 Villeneuve d’Ascq Cedex, France 
1 B. Pier, J. Fluid Mech., 603, 39-61, (2008).
2 A. Chiarini et al., J. Fluid Mech., 936, R2, (2022).

(a) (b) 

Figure 1: (a) Cd as a function of the Reynolds number for two different values of the aspect

ratio. (b) Leading growth rate as a function of the Reynolds number. The blue dotted line 
corresponds to the first stationary bifurcation whereas the dotted red line represents the 

secondary Hopf bifurcation for χ = 0.6.
(a) (b) 

Figure 2: (a) Spatial distribution of the axial, radial, and vorticity fields (top to bottom) at Re =
100 for χ = 0.6. (b) Real part of the axial, radial and the azimuthal components of the leading

global mode corresponding to the Hopf bifurcation at Rec2 = 162.0 for χ = 0.6.
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Stability analysis of elliptical jets using 3D-Parabolized Stability 
Equations 

M. P. Avancia, J. C. Robinetb, P. Jordanc, J. Huberd and G. Ponte

The present work discusses results of stability analysis considering elliptical nozzle 
jets. Asymmetric jets are found in jet-flap interaction cases, and the elliptical shape is a 
particular case of asymmetry. The combination of two numerical approaches is used, 
the first being a local method where a cross-cut section of the jet plane at a fixed 
position of the developed flow is made and characterizes the most unstable mode and 
its respective eigenfunctions are followed in the flow direction using the second 
proposed method that deals with the parabolized stability equations (PSE). This 
second method allows us to take into account the non-parallel effects of the flow. 
Considering the geometric nature of the jet nozzle in question, a code in generalized 
coordinates was implemented and extensively validated focusing on the PSE case of 
isolated vortex in cylindrical coordinates present in the literature. This code allows us 
not only to consider elliptical asymmetry, but any other jet asymmetry and distortion. 
RANS models are considered for the base flow, which are then interpolated, for a 
better representation, in an elliptical mesh of the stability solver. For the solution of 
the eigenvalue problem in the local analysis, the matrix-forming approach is used 
where the equations for stability analysis are described in matrix format and then 
solved using an optimizing Arnoldi’s algorithm where only the eigenvalues of interest 
are calculated thus reducing the computational cost of the problem. In an iterative 
way, the PSE equations are solved along the flow direction, enabling a three-
dimensional analysis of the problem. The effect of jet ellipticity and also of viscosity 
on the wavepacket are discussed. Knowing the behavior of these wavepackets through 
stability analysis, it is possible, for example, to analyze the acoustic field of these jets. 

a, d
Aeroacoustic sources, Airbus Operations SAS.

b
ENSAM DYNFLUID, Paris, France. 

c
 CNRS PPRIME, Poitiers, France. 

e
  Modelling and simulation, Airbus.  

Figure 1: (a) Streamwise component (Ux) of the baseflow taken from a RANS model 

interpolated in the elliptical mesh.  (b) Eigenspectrum for the baseflow considered. (c) Real 
part of the pressure amplitude for the most instable mode (-αi = 1.5464 and ω = 2.476). 
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Linear stability and symmetry breaking in 3D wake flows past 
rectangular prisms: from thin plates to Ahmed bodies 

A. Gimonneta and E. Boujoa

The first bifurcation in wake flows past 3D axisymmetric bluff bodies generally 
remains stationary while breaking the spatial symmetry, in contrast to oscillating 
bifurcations in 2D wake flows. For non-axisymmetric 3D bodies with reflectional 
symmetries, the bifurcation sequence of stationary and oscillating modes depends on 
the specific geometry1. Here, we study the stability of laminar wake flows past 3D 
rectangular prisms. We fix the width-to-height ratio W/H=1.2 and investigate length-
to-height ratios 0.17<L/H<3, covering a wide range of geometries from thin plates to
elongated Ahmed-like bodies. We also vary the fillet radius R of the leading edges.
Global linear stability analysis yields a sequence of pitchfork and Hopf bifurcations: 
(i) at lower Reynolds numbers Re, two stationary modes become unstable, each mode
breaking one of the two reflectional symmetries of the body (left/right or
top/bottom); (ii) at larger Re, two oscillating modes become unstable and, again, each
mode breaks one of the two symmetries. The critical Reynolds numbers of these four
modes increase with L/H, reproducing the trend of stationary and oscillating
bifurcations observed for axisymmetric bodies (from thin disk to sphere, to elongated
bullet-shaped bodies). This may be partly ascribed to shorter bodies generating wider,
longer, and thus more unstable wakes. The effect of the fillet radius is more nuanced:
although increasing R suppresses the leading-edge recirculation regions and reduces
the drag coefficient, the length of the wake and the critical Re vary more weakly and
sometimes non-monotonously.

a
 Laboratory of Fluid Mechanics and Instabilities, École Polytechnique Fédérale de Lausanne, 1015 

Lausanne, Switzerland 
1 Marquet and Larsson, Eur. J. Mech. B Fluids 49 B, 400-412 (2015).

Figure 1: (a) Critical Re of the stationary and oscillating eigenmodes, as a function of length-
to-height ratio L/H, without fillet (R=0). Black lines (AySz) denote top/bottom symmetric and
left/right antisymmetric modes, blue lines (SyAz) denote modes with opposite symmetries.
(b1,2) Stationary (Re=200) and (b3,4) oscillating (Re=250) modes for L/H=1, R=0.
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Long-wavelength three-dimensional instability in the vortex 
formation region behind a body 

Andrey I. Aleksyuka, b, Matthias Heila 

We discuss the physical mechanisms for the long-wavelength (mode A) 3D instability 
of the 2D time-periodic viscous fluid flow around a circular cylinder. Even though 
several hypotheses explaining 3D instability in the vortex formation region exist in the 
literature (e.g., see1, 2), the problem still requires clarification because the actual flow is 
substantially more complex than is usually assumed in the simplified models. In 
particular, the base flow in the formation region significantly depends on time and 3D 
perturbations grow in several subregions (braid shear layers and vortex cores), which 
can interact with each other. 

We show that the pattern of the most rapidly growing perturbations is preserved 
(and corresponds to a mode A instability) when one continuously increases the 
perturbation wavelength λ (figure 1). In the limit as λ → ∞, the perturbed solution can 
be obtained analytically and corresponds to the shift of the base flow solution in time. 
We use this remarkable similarity of the perturbation pattern to reveal the mechanism 
for its formation by simplifying governing equations in a large λ limit. We then explain 
the selection of critical parameters for the instability by analysing the action of the basic 
physical mechanism for the 3D vorticity change using the approach suggested in3. 

The research was supported by the Royal Society Newton International Fellowship 
(NIF\R1\201343). The authors would like to acknowledge the assistance given by 
Research IT, and the use of the HPC Pool funded by the Research Lifecycle Programme 
at the University of Manchester. 

a Dep. Mathematics, University of Manchester, Oxford Road, Manchester, M13 9PL, UK 
b Water Problems Institute, Russian Academy of Sciences, Moscow 119333, Russian Federation 
1 Leweke, Williamson, Eur. J. Mech. B Fluids 17, 571 (1998).
2 Thompson et al., J. Fluids Struct. 15, 607 (2001).
3 Aleksyuk, Shkadov, Eur. J. Mech. B Fluids 72, 456 (2018).

Figure 1: The pattern of 3D perturbations at Re = 220: (a) limit λ → ∞ and (b) λ = 3.9. Arrows 

show the in-plane perturbation velocity, colour contours indicate the perturbation energy, and 
solid lines are the base flow vorticity isolines. 
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Experimental study on intermittent massive separation over an airfoil. 

S.M. Aniffaa, A. C. Mandalb

The time-resolved particle image velocimetry (TR-PIV) measurements were carried 
out over a NACA-0012 airfoil, for various angles of attack α = 10, 11, 12, 13, at 
Reynolds number based on chord, Rec=50000. The instantaneous vorticity contours 
show that the intermittent massive separation occurs for α > 10◦. Similar intermittent 

separation is also reported in the literature1. It is also called as intermittent bursting2. It 
is not well understood, although many researchers reported that it is due to the 

absolute instability of the separated shear layer 2,3,4. Thus, this has been an active 
research topics in the flow separation. Our present measurements at α = 11, 12 and 13 

cases also satisfy the absolute instability criteria5. Moreover, we observe the vertical 
oscillation of the separated shear layer, which is quantified by the instantaneous 

displacement thickness (δ*
I). We find that the flow goes to a fully separated state when 

δ*
I reaches its maximum value for the case of α > 10, as shown in figure 1. Further, 

our TR-PIV measurements show that the vortex merging plays a crucial role in the 
intermittent bursting behaviour. The vortex merging process is confirmed by 
instantaneous vorticity contour and the spectral analysis of the fluctuating velocity 
field.  

a, b
Dep. Aerospace Engineering, IIT, Kanpur., India.

1 Rinoie, K., & Takemura, N, The aeronautical journal 108(1081), 153-163 (2004)
2 Eljack et al., Physical Review Fluids 6(3), 034701(2020).
3 AlMutairi et al., Aerospace Science and Technology 68,193-203(2017).
4 Almutairi and AlQadi, AIAA journal 51(4), 981-991(2013).
5 Alam and Sandham, Journal of Fluid Mechanics 410, 1-28 (2000).

Figure 1: Instantaneous vorticity contour superimposed with U=0 line for minimum 
and maximum instantaneous displancement thickness (δ*

I) of each case. 
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Instability of supersonic boundary layer under the influence of 
spanwise-periodic surface heating  

S. Yanga,  K. Zhua,  X. Wub,a

The effects of streamwise-elongated, spanwise-periodic surface heating on supersonic 
boundary-layer instability are investigated under the assumption of high Reynolds 
number. Our focus is on the lower-branch viscous instability and so the spanwise 
spacing of the heating elements is chosen to be the wavelength of viscous Tollmien-
Schlichting modes in the absence of surface heating, while the streamwise length scale 
is assumed to be much longer, and may be comparable with the distance to the leading 
edge. The heating induced three-dimensional streaky flow is shown to be governed by 
a system that is parabolic in the streamwise direction but elliptic in the spanwise 
direction. When Chapman's viscosity law is adopted, a similarity solution can be found. 
The stability of the streaky flow, which is of bi-global nature, is shown to acquire a 
novel triple-deck structure in that the lower-deck dynamics is fully compressible as 
opposed to being incompressible in conventional settings. Through asymptotic 
analysis, the bi-global stability is reduced to a one-dimensional eigenvalue problem, 
which involves only the spanwise-dependent wall temperature and wall shear. 
Numerical calculations, performed for two simple patterns of spanwise periodic 
heating elements, demonstrate their complicate stabilising/destabilising effects, 
depending on the frequency of the modes and as well as on their spanwise wavelength 
relative to the spacing of the heating elements. The instability modes may be viewed as 
continuation of oncoming first Mack modes, but might also be considered as a new 
kind since they exhibit two distinctive features: strong temperature perturbation near 
the wall (figure 1 –left panel) and spontaneous radiation of an acoustic wave to the far 
field (figure 1 –right panel), neither of which is shared by first Mack modes. 

Figure 1 Instability characteristics of the streaky boundary-layer flow. Left: contours of the 
temperature fluctuation of the instability mode; right: pressure fluctuation at the outer edge of 
the boundary layer showing the spontaneous acoustic radiation.  

a Laboratory of High-Speed Aerodynamics, Tianjin University, Tianjin, PRC 
b Dep. Mathematics, Imperial College London, London, UK 
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Time-dependent 3D dynamics in viscoelastic pressure-driven 
channel flow

M. Lellepa, M. Linkmannb and A. Morozova

Dilute polymer solutions do not flow like Newtonian fluids. Their flows exhibit 
instabilities at very low Reynolds numbers that are driven not by inertia, but rather by 
anisotropic elastic stresses. Further increase of the flow rate results in a chaotic flow, 
often referred to as purely elastic turbulence. The mechanism of this new type of 
chaotic motion is poorly understood. 
 In this talk we present the first coherent state in purely elastic parallel shear flows. 
We consider a model shear-thinning viscoelastic fluid driven by an applied pressure 
gradient through two- and three-dimensional channels. By starting from a linearly 
unstable mode recently discovered by Khalid et al.1 at very large flow rates and very 
low polymer concentrations, we demonstrate the existence of 2D travelling-wave 
solutions in such flows. We show that this state sub-critically connects to significantly 
higher values of polymer concentration and lower flow rates2, rendering travelling-
wave solutions experimentally relevant. 

a
SUPA, School of Physics and Astronomy, University of Edinburgh, UK

b
School of Mathematics and Maxwell Institute for Mathematical Sciences, University of Edinburgh, UK

1 Khalid et al., arXiv:2103.06794 (2021). 
2 Morozov, arXiv:2201.01274 (2022).

Figure 1: Instantaneous snapshot of 3D dynamics showing trace of conformational tensor C 
and isosurfaces of the Q criterion. 
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Boundary layer transition induced by free-stream turbulence and 
an isolated roughness element 

S.B. Mamidalaa, A. Weingärtnera, J.H.M. Franssona

Protruding surface roughness such as rivet heads or spot welds have numerous 
applications in aerospace industry. Small-scale variations in the height (k) of this 
roughness element (diameter d) can cause laminar-turbulent transition, thus resulting in 
an increase of skin-friction coefficient and therefore higher drag. The transition scenario 
in a simplified 3D cylindrical roughness is often characterized by its roughness Reynolds 
number (Rekk) and aspect ratio η = d/k . 
The free-stream turbulence (FST) penetrating the boundary layer that encounters the 
roughness element has a major impact on Rekk and the instability modes prior to the 
transition onset. In FST induced transition, previous results1 ascertain the presence of 
streamwise unsteady streaks, which is of prime importance for the onset of transition. 
Our measurements confirm that the spanwise scale of streaks λz strongly depends on 
initial FST condition (Fig. 1b), characterised by the integral length scale Λx, and the 
turbulence intensity Tu, and that has a strong influence on the breakdown to turbulence. 
The current experiments incorporate both single-point & two-point correlation 
measurements with hot-wire probes, where both d (3 - 24 mm) and k (with 1 μm 
precision) can be adjusted. Several turbulence generating grids were mounted upstream 
of the leading-edge to generate different FST conditions. In the present experimental 
setup, Λx is varied systematically for different Tu-levels. Without FST, the preliminary 
results show significant hysteresis in Rekk at transition. 
As doubted in previous experiments2, co-existance of sinuous and varicose instability 
modes at lower d is proven experimentally. Figure 1(a) depicts a pronounced correlation 
between the aspect ratio η and Rekk. More results to be presented include a clear insight 
into interaction of FST with the 3D roughness, instabilities prior to transition onset, 
effect of η and the influence of λz at the transition onset on Rekk. 

a
Dep. of Eng. Mechanics, KTH-Royal Institute of Technology, Stockholm, Sweden

1 J. H. M. Fransson et al., J. Fluid Mech. 899, A23 (2020).
2 D. K. Puckert et al., J. Fluid Mech. 844, 878 (2018).

Figure 1: (a) Square-root of Rekk at transition vs aspect ratio η. (b) z is scaled with x and 
plotted against FST Reynold number Refst at various free-stream speeds. 
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Initial optimal perturbations in the Blasius boundary layer actuated by 
standing waves of span-wise velocity 

L. Bettinia, F. Auteria b

Waves of span-wise velocity at the wall are known to be very effective in reducing the 
friction drag in turbulent channels and boundary layers. They can also delay transition in 
boundary layers1. To investigate this interesting property, in this work we compute linear and 
nonlinear optimal perturbations2,3 in a Blasius boundary layer actuated by standing waves of 
span-wise velocity at the wall. Namely, we look for the initial velocity perturbation able to 
produce the maximum energy gain in a given target time. The Navier-Stokes equations and 
their linearized counterparts act as a constraint in the optimisation problem and they are 
integrated by an incremental pressure-correction scheme based on the direction-splitting 
technique4. The optimization process involves the computation of adjoint equations: results 
from continuous and discrete approaches are compared. The analysis is carried out for 
different streamwise wavelengths of the wall actuation in order to uncover the influence of 
this parameter on transition.  In agreement with Cherubini et al.2, the optimal linear initial 
perturbation is found to be characterized by pairs of streamwise-modulated counter-rotating 
vortices, as in Figure 1(a,b), tilted downstream. Nonlinear optimal perturbations exhibit 
more localized structures which undergo further mutual interactions as a function of time. In 
both cases, the Orr mechanism is clearly visible, which is responsible for a transient energy 
growth as the mean flow tilts downstream the structures initially opposing the base flow. 
Moreover, the lift-up effect triggered by the counter-rotating vortices develops streak-like 
structures alternated in the streamwise direction.  As previously reported3, the nonlinear 
temporal evolution of perturbations provides physical insight in the transition scenario: 
nonlinear couplings result in the generation of Λ-shaped structures, which, amplified and 
stretched, generate finite-amplitude Λ-vortices. Eventually, nonlinear mixing redistributes 
vorticity and hairpin structures are formed. It is found that the energy gain of nonlinear 
optimization is higher than the one of the linear optimization, as several further interactions 
are triggered. As expected from previous studies1,5, the presence of the actuation at the wall 
strongly affects the shape of initial optimal perturbations and, most importantly, the energy 
gain. Figure 1(c) shows the initial optimal perturbations for an actuation of high wavelength, 
which increases the energy gain of nearly six times in the linear case. It is remarkable that this 
purely spatial actuation does not require moving parts and can represent an effective and 
realizable strategy for transition control. 

a
Dipartimento di Scienze e Tecnologie Aerospaziali, Politecnico di Milano, via La Masa 34, 20156, 

   Milano (Italy) 
1 Negi et al., Phys. Rev. Fluids. 4, 063094 (2019).
2 Cherubini et al., J. Fluid Mech.  656, 231 (2010).
3 Cherubini et al., J. Fluid Mech. 689, 221 (2011).
4 Chiarini et al., J. Comput. Phys. 429, 110023 (2021)
5 Quadrio et al., J. Fluid Mech.  627, 161 (2009).

Figure 1: (a) Contours (streamwise velocity) with superimposed vectors of the linear initial optimal 

perturbation plotted in a plane normal to the free-stream flow. (b) and (c) negative streamwise velocity 
perturbation (green) and streamwise vorticity perturbation (positive in red, negative in blue) for the 
non-actuated (left) and actuated (right) optimal perturbations, linear case. 
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Scalar mixing optimisation in 3D pulsatile channel flow

Y. Lia, J. Pageb  and C. P. Caulfielda

 The mixing of passive scalars in energetic flows is a complex and important process, 
and has many applications in industrial and environmental contexts. During the past 
decade, various studies1,2 have been conducted to identify the optimal mixing strategies 
for scalars in both two- and three-dimensional Poiseuille flows, although they have 
mostly concentrated on idealised theoretical situations. In our study, we aim to utilise 
forcings that can be physically achieved in realistic situations to control the mixing 
process. We note that pulsatile channel flow has recently been shown to exhibit 
destabilising effects at certain frequencies3 (with the strongest destabilisation seen at 

Womersley number Wo ≃ 7), and therefore these mixing regimes could potentially be 

very useful in biological or medical contexts.  
 Floquet analyses are used to identify the most unstable eigenvalues for flows at 
different Womersley numbers. The associated eigenfunctions are then used as the initial 
conditions for DNS simulations. Mixing efficiency for a range of oscillation parameters 
is investigated, and the effect of different nonlinear pulsatile flow regimes (namely the 
‘ballistic’ and ‘cruising’ regimes) on the scalar mixing process is discussed. Through the 
use of variational “direct-adjoint looping” methods, it is also possible to identify 
“optimal” initial perturbations for the homogenisation of the scalar field for a given 
realistic forcing mechanism. 

Figure 1: Spatial distribution of the velocity and scalar fields of a turbulent pulsatile channel flow. 
Left: streamwise velocity. Centre left: vertical velocity. Centre right: spanwise velocity. Right: 
Scalar concentration. 

________________________ 

a DAMTP, University of Cambridge, CMS, Wilberforce Road, Cambridge CB3 0WA
b  School of Mathematics, University of Edinburgh, Edinburgh EH9 3FD, UK. 

1 D. Foures et al., J. Fluid Mech. 748, 241 (2014). 
2 L. Vermach & C. P. Caulfield, J. Fluid Mech. 850, 875 (2018). 
3 B. Pier & P. J. Schmid, J. Fluid Mech. 815, 435 (2017). 
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Large scale precessing instabilities in the cold flow field of a 
sudden expansion dump combustor.

T. Holemansa, Z. Yanga, S. Van den Boschb, J. De Greefc and M.
Vanierschota

Sudden expansion flows can be found in a wide range of engineering applications 
such as heat exchangers, chemical reactors, cyclone separators, etc. Most studies on 
these types of geometries focus either on the application of swirl or on two-phase 
flows, both exhibiting interesting instabilities1,2,3,4,5,6. Studies about one-phase non-
swirling flows in these expansions are limited and they report a stable flow field in 
both Large Eddy Simulation and Laser Doppler Velocimetry measurements from 
Wang et al.5 and URANS simulations from Guo et al.6. A Stereoscopic Particle Image 
Velocimetry measurement (S-PIV) of this type of flow is currently lacking in literature 
and has been performed in this work. Six different measurements are performed  for 
Reynolds numbers ranging between 5200 and 63300 in a dump combustor geometry 
with an expansion ratio of 4.9. The cold flow in this combustor exhibits unsteady 
behaviour, in contrast to the literature, most likely originating from the higher 
expansion rate, compared to the other studies5,6. The spatial instabilities are compared 
to a computational data set, both in frequency and structure. The computational 
dataset is generated with the same geometry and an unsteady RANS simulation. Both 
the frequency, as the shape of the spatial instabilities are extracted using Spectral 
Proper Orthogonal Decomposition (SPOD)7. SPOD has shown its ability to extract 
coherent structures from (swirling) jet flows8,9,10,11. Both the computational and 
experimental dataset show the same coherent structure, a precessing jet, as the most 
harmonic and energy rich mode. It is present at every Reynolds number and the 
frequency increases with increasing Reynolds number. This precessing jet in non-
swirling jet flows has not been documented in literature before. The spatial modes and 
the reconstructed flow fields are visualised for both the experimental and the 
numerical data.  

a
Dep. Mechanical Engineering, KU Leuven, Group T campus, Heverlee, Belgium

b
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Richtmyer-Meshkov Instabilities in Newtonian and Shear-
Thinning Fluids 

Thomas Abadiea, Usman Rana Mohammada, Nathan Joinerb,
Omar K. Matara 

Richtmyer-Meshkov instabilities (RMI) develop due to the perturbation growth at the 
interface between two fluids of different densities. This perturbation is initiated by the 
interaction of a shock wave with the interface.  In inertially confined nuclear fusion 
(ICF) targets, RMI can lead to the mixing of fluids at the fuel capsule interface, which 
can influence the dynamics and subsequent energy distribution in the fusing fuel. 
Reduced temperatures or density in the core will inhibit fusion yield. This research 
aims to study shear-thinning viscosity effects on the evolution of RMI at conditions 
relevant to planar shock-induced ICF experiments. The mass, momentum and energy 
equations are solved with the open-source compressible CFD code BlastFoam. Single-
mode RMI simulations are performed using liquid deuterium/melted polymer. The 
initial validation is conducted with the air/SF6 RMI experiment of Jacobs and 
Krivets1. We further developed BlastFoam to capture shear-thinning flows and its 
effects on the amplitude, span, width and neck of RMI. Moreover, the effects of the 
shear-thinning rheology on the vorticity at the interface and the RMI features are 
investigated from moderate to high Mach numbers (1 < Ma < 30). 

a
Dep. Chemical Engineering, Imperial College London, South Kensington Campus, SW7 2AZ, UK

b
First Light Fusion, Oxford Industrial Park, 10 Mead Rd, Yarnton, Kidlington OX5 1QU, UK 

1 Jacobs and Krivets, Proceedings of the 23rd International Symposium on Shock Waves, Texas, 2002, USA

Figure 1: Comparison of RMI amplitude prediction by BlastFoam (green: AMR level 4, blue: 

AMR level 3, brown: AMR level 2 – base mesh: 100 cells across the wave length) with Jacobs 
and Krivets experiment (black dots) and analytical early + late-stage models (red) using air/SF6 

as fluids and 1.3 Mach shock wave.  
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Excitation and evolution of compressible Görtler vortices induced 
by free-stream vortical disturbances

Dongdong Xua, Pierre Riccoa, Ganglei Huangb 

The nonlinear development of compressible Görtler vortices excited by free-stream 
vortical disturbances (FSVD) in a compressible boundary layer is studied by 
perturbation methods and numerically. The free-stream Mach number M and the
intensity of FSVD are strong enough for both compressibility and nonlinearity to play 
a leading role. The focus is on low-frequency (long-wavelength) components of 
FSVD, which excite the Görtler vortices efficiently. The excitation and evolution of 
the Görtler flow are governed by the compressible nonlinear boundary-region 
equations, supplemented by appropriate initial and boundary conditions, which 
characterise the impact of FSVD on the boundary layer. The computed nonlinear 
increase of wall temperature and Görtler vortical structures are in very good 
agreement with hypersonic wind tunnel measurements at M=6.5. As the frequency
increases, nonlinearly generated harmonic components, with zero frequency and a 
spanwise wavelength that is double the free-stream wavelength, dominate the 
boundary layer. As a result, the hypersonic Görtler vortices appear to be almost 
steady. 

a
Dep. Mechanical Engineering, The University of Sheffield, Sheffield, S1 3JD, UK
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NekStab: a complete open-source framework for stability analysis 
of inhomogeneous steady and time-periodic incompressible flows.

R. A. S. Frantza, J.-Ch. Loiseaua and J.-Ch. Robineta 

With the massive increase in computing power over the last three decades, the focus 
of hydrodynamic stability research has shifted from local analyses based on the parallel 
flow to fully three-dimensional flows such as roughness-induced boundary layer flow. 
It should be emphasised, however, that most recent work has been concerned with 
the stability of steady-state base flows, while much less attention has been paid to the 
modal and non-modal stability of time-periodic flows. Time-periodic flows arise by 
forcing or naturally when a Hopf bifurcation occurs. To uncover the physical origin of 
modes or the receptivity of a given perturbation to periodic flow without 
homogeneous directions in space, one can follow the linear evolution of infinitesimal 
perturbations developing in the vicinity of limit cycles using the Navier-Stokes 
equations. Before doing so, however, unstable time-periodic solutions (also called 
limit cycles) may have to be computed. Computation of such unstable limit cycles is 
traditionally achieved by imposing existing spatiotemporal symmetries in combination 
with Newton-like techniques, which are usually restricted to two-dimensional 
problems. A new implementation of a Newton-Krylov algorithm based on the 
GMRES method is capable of computing steady and periodic states of fully three-
dimensional flows. When linearized around such time-periodic solutions, the resulting 
non-autonomous operator accepts solutions according to Floquet theory. Due to the 
large resolution required to adequately discretize these problems, the effect of the 
time-periodic Jacobian matrix on a given vector is computed in a time-stepping 
fashion, and the eigenvalue problem is solved using an Arnoldi-based algorithm. We 
present an open-source toolbox called NekStab based on Krylov methods to tackle 
stability problems based on the spectral element solver Nek5000. We present 
techniques built on the Nek5000 platform as well as validations and new cases 
involving both free and forced time-periodic flows, including secondary instabilities 
developing on complex flows like the jet in crossflow and bluff bodies. 

a
DynFluid, Arts et Métiers Paris, 151 Boulevard de l'Hôpital, 75013 Paris
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Automatic computation of linear stability modes for an arbitrary 
set of balance laws in an HPC environment 

A. Franchinia, N. Alfereza,b, J.C. Robineta

Recent advances in high-performance computing have enabled full-scale physics-
based numerical simulations and optimization in academia and industry. However, due 
to the complexity of the CFD solvers, deployment of the adjoint method in Reynolds-
averaged Navier-Stokes (RANS) solvers remain a difficult task. A first step must be 
carried out by linearising the equations of motion, often a challenging task in multi-
physical flow configurations. The procedure we want to pursue is called the 
“discretize-then-differentiate approach”. We benefit from the use of two fundamental 
tools: a framework for solving systems of balance laws (dNami)1, coupled with an 
automatic differentiation (AD) software (Tapenade)2. 
dNami is an open-source computational framework to study problems of the form: 

+ initial & boundary conditions,  (1) 

flexibly and efficiently, where q is a vector of n real-valued unknowns, t is time, and
f(q) is a generic function of q, which may include differential and algebraic operators.
Both q and f(q) are specified at the user level. dNami generates an efficient Fortran
implementation ready to be compiled as a Python module. Tapenade works from the 
produced Fortran sources and automatically generates the corresponding linearized 
version, thus providing an efficient time-stepper of the linearized version of (1). Then, 
a so-called time-stepper method, based on snapshots from the linearized simulation, 
will be used to obtain a low-rank approximation (Hessenberg matrix) of the Jacobian 
matrix. Finally, an Arnoldi or Krylov-Shur algorithm will solve the eigenvalue 
problem. During this conference, different cases of stability of 2-D and 3-D 
compressible flows illustrating the presented method will be presented (cylinder, 
sphere, jet,...). 

a
DynFluid, ENSAM, 151, Boulevard de l’Hôpital, 75013 Paris, France

b
Centre CNAM Paris, 292, rue Saint Martin, 75003 Paris, France 

1 Alferez and Toubert, https://github.com/dNamiLab/dNami, (2022).
2 Hascoet and Pascual, Trans. Math. Softw. 39, (2013).
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Theoretical and numerical study of pad roll instability 
in a three fluid layers system. 

A. Simona, J.-C. Brändle de Mottaa, C. Dumouchela and M-C. Renoulta

Liquid Metal Batteries (LMB) are currently introduced to solve the important issue 
concerning the grid-scale energy storage. Electrical grids have almost no energy 
storage capacity imposing the immediate electricity consumption. There is no problem 
for storable sources of energies like fossil sources but this is not the case for 
renewable sources due to their intermittent behaviours. With a low cost of production 
and a long lifetime, LMBs seem to be well adapted to stationary applications. To avoid 
short circuit, it is important to study the flow inside one LMB.  
The studied case is inspired by a work from Sneyd1 about Hall-Héroult cell and 
electric-arc furnace. A system closer to LMBs is considered. It is a molten salt (the 
electrolyte) sandwiched between two liquid metals (the anode and the cathode). The 
electrical conductivity of the former is much lower compared to the ones of the latter. 
The problem consists in coupling Navier-Stokes equations for fluid mechanics and 
Maxwell’s equations for electromagnetism. This simplified LMB model allows 
targeting one instability: the pad roll instability. Other instabilities may coexist like the 
Rayleigh-Bénard instability.  
First, this work consists in solving the eigen values problem to determine the 
dispersion relation and its solutions. Second, the initial value problem is solved 
allowing a detailed comparison with a simultaneous numerical study. For this purpose, 
OpenFoam is used to visualize and analyse the evolution of the interfaces with respect 
to time in order to cross-validate the theoretical part. 

Figure 1: Representation of the studied case. 

a
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1
Sneyd, J. Fluid Mech. 156 (1985). 
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Stability of ferrofluid cylinder in an azimuthal magnetic field: 
theory and experiment.  

R. Canua, A. Boucheta and M.-C. Renoulta

We study the stability of a ferrofluid cylinder placed in a non-magnetic fluid and 
immersed in an azimuthal magnetic field. The field is created by a rectilinear wire 
traversed by a current and located at the cylinder centre. The studied case is 
represented on figure 1a. After formulating the problem of ferrohydrodynamics, we 
conduct linear stability analysis. The developed model is then compared with 
experimental data taken from the literature for the unstable and stable cases delimited 
by a magnetic Bond number (Bom) equalling unity. A good agreement with the data is
found concerning the values of the wavelength and the growth rate of the instability1,2. 
However, in the experiment, the growth rate is observed to be higher for the thinner 
layers of ferrofluid, in disagreement with the theoretical predictions. In order to solve 
this issue and further explore the comparison we have conducted a new campaign of 
experiments, using one cuvette, one pair of ferrofluid and surrounding fluid with the 
same density, two copper wires of different radii (Rw), various thicknesses of ferrofluid
layers (R0) and various current intensities (I). Figure 1b shows the drop-on-wire
structure obtained at the end of the experiment consisting in decreasing the current 
intensity from a stable case (Bom>1) to an unstable case (Bom<1). The results from
image analysis provide more insight into the wire effect on the drop formation on 
wire and at the same time solve the issue raised by the previous experiments. In 
addition, they bring new insight into the first nonlinear effects, thanks to 
measurements of the growth and the spacing of the satellite drops on wire, that will be 
also theoretically investigated though a weakly nonlinear stability analysis.  
The aim of this work on ferrofluid cylinders is to identify new possibilities of 
controlling drops formed by liquid jet breakup for applications in the printing domain 
and medical field. 

 

Figure 1: (a) Representation of the studied case. (b) Final image of drop-on-wire for the 

experimental run with R0=2,12 mm, Rw=1 mm and I=5 A (Bom<1).

a 
Normandie Univ., UNIROUEN, INSA Rouen, CNRS, UMR 6614 CORIA, 76000 Rouen, France

1 Canu and Renoult, J. Fluid Mech. 915, 137 (2021).
2 Canu and Renoult, J. Fluid Mech. 927, 36 (2021).
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Strongly nonlinear evolution and subharmonic resonance of 
multiple modes in the very-near-nozzle region of a jet: a high-

Reynolds-number asymptotic approach 

Z. Zhanga, X. Wub,a

Jet is a typical inviscidly unstable flow due to the presence of a (generalised) inflection 
point. In the very-near-nozzle region of a circular jet, the axisymmetric (ring) mode 
and helical modes with a finite of azimuthal wavenumbers coexist. The nonlinear 
evolution of an arbitrary number of interacting helical and ring modes is investigated 
theoretically using high-Reynolds-number asymptotic approach. Different from that in 
the downstream region, the dynamics here should be described by a strongly nonlinear 
theory when the modes reach their maximum amplitudes while their linear growth 

rates decrease to 𝑂(𝜖1/2), with 𝜖 ≪ 1 being the typical amplitude of the disturbance.
By analysing nonlinear interactions in the common critical layer, where viscosity, non-
equilibrium and non-parallelism all play a leading role, a spatial-temporal evolution 
system is derived, which consists of the amplitude equation coupled with the 
temperature, azimuthal-velocity and vorticity equations in the critical layer, together 
with the self-consistent upstream–boundary conditions. As three-dimensionality is 
weak, the system is similar to, but an extension of, that for a planar mode on a mixing 
layer1

c. A significant feature of the strongly nonlinear theory is that all harmonics are 
excited at the same order, enabling it to describe the roll-up of the large-scale vertical 
structures (figure 1a). These interacting multiple modes also produce azimuthally-
dependent structures, i.e., streaks, which are predicted by the present theory (figure 
1(b), (c)). In addition, a helical subharmonic mode is included in order to model 
vortex pairing. A generalised subharmonic resonance2

d is shown to occur, leading to 
enhanced growth of the subharmonic.e 

a Laboratory of High-Speed Aerodynamics, Tianjin University, Tianjin, PRC 
b Dep. Mathematics, Imperial College London, London, UK 
1 Zhang and Wu, J. Fluid Mech. 884, A10 (2020).
2 He et al., J. Fluid Mech. 858, 787 (2019).

e 

Figure 1: (a) Axial evolution and azimuthal modulation of the amplitude. (b) roller 
structures represented by the azimuthal vorticity field. (c) Non-axisymmetric feature 

of the distorted mean-flow velocity characteristic of streaks. 

562



18. Interfacial flows



Interfacial flows 1 

Session 1 | Tuesday, September 13, 14:30–16:30 



Injection of a non-Newtonian fluid into an otherwise Newtonian 
boundary layer 

L. J. Escotta and P. T. Griffithsa

The study of boundary layer flows involving Newtonian fluids, with or without 
suction or injection, has been a subject of interest for researchers in fluid dynamics for 
more than a century. The aim of our study is to extend traditional boundary layer-type 
analyses to consider a natural phenomenon that has been observed in some species of 
fish. Studies have shown that certain fish secrete a small amount of fluid with complex 
properties,1 which has the potential to reduce their drag in water.2 Our research aims to 
model the behaviour exhibited by these fish via a modified boundary layer analysis. 

We investigate the flow profiles of a two-tier system as shown in Figure 1, which 
shows a non-Newtonian fluid being injected into a larger Newtonian boundary layer, 
itself subjected to a uniform translational flow. We use a variety of models to capture 
the non-Newtonian behaviour of these fish slimes3 and, given each choice of 
constitutive model, present the differing behaviour of the system. In particular, we 
evaluate the boundary location between our two fluid layers as well as the velocity, 
viscosity and shear profiles which change significantly both under change of non-
Newtonian model, and characteristic parameters of said models. 

The natural next step of this research is to consider a stability analysis of the 
aforementioned flow profiles. Previous studies have shown, that under certain 
parameter regimes, the onset of instability in a non-Newtonian boundary layer flow is 
delayed when compared to its Newtonian counterpart.4 We are currently investigating 
whether the same can be said for the injection of complex fluids into an otherwise 
Newtonian layer. We expect to report on this analysis in our presentation. 

a
Centre for Fluid and Complex Systems, Coventry University, CV1 5FB, Coventry, UK 

1 Rosen and Cornford, Nature 234, 49 (1971).
2 Hoyt, Swimming and Flying in Nature, Springer (1975). 
3 Anderson et al., J. Exp. Biology 204, 81 (2001).
4 Griffiths, Proc. R. Soc. A Math Phys Eng Sci 473, 225 (2017).

Figure 1: Schematic showing the uniform injection of non-Newtonian fluid (shaded in red) 

into a larger Newtonian layer (shaded in grey). 
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Azimuthal street of mushroom vortices during drop impact 

M. Shia and S. T. Thoroddsena

Interfacial flows during drop impact have great importance both in nature and 
industry, such as raindrops, inkjet printing, spray coating, cooling, and combustion. 
Among them, a single vortex ring is usually observed when drops mix with liquid 
pool1. However, in this work, we observed for the first time an azimuthal street with a 
series of mushroom vortices that forms when a water drop impacts on a thin glycerol 
film, where the water drop breaks into a small drop and a surrounded liquid ring2 
(Figure 1). The mushroom vortices are generated at both sides of this liquid ring. 
Through high-speed imaging, we obtained the spatial and temporal evolution of 
mushroom vortices and revealed their origins. The results indicated that the 
mushroom vortices are an instability of the initially axisymmetric intense vortices at 
the water-glycerol interface where a large surface tension gradient occurs. Through 
particle tracking velocimetry, we attain velocity profiles in the mushroom vortices, and 
we find that the particles are accelerated at the water-glycerol interface but retarded in 
the mushroom fountains. At the same time, the boundary of spreading drop has 
second vortices flow perpendicular with mushroom vortices. After an intensive 
mixture by the mushroom vortices, the ring and the inner drop started to generate 
branch leaves due to Marangoni instability, and a flower pattern is formed at the final 
state. However, the flow speeds in the branch leaves (~3 mm/s)2 are much slower 
than those in the initial mushroom vortices (~300 mm/s). What’s more, the impact 
velocities of drops can tune the initial contact modes and therefore vary the final 
flower patterns. These findings reveal that the water drop impacting a glycerol film 
has a two-timescale and three-dimensional flow, which provides a new insight into 
Marangoni flows when a drop mixes with a miscible liquid film. 

a High-Speed Fluids Imaging Laboratory, Physical Science and Engineering Division, King Abdullah 
University of Science and Technology (KAUST), Thuwal, 23955-6900, Saudi Arabia 

(a) (b)

200 µm2 mm

Figure 1: (a) Azimuthal street of mushroom vortices. (b) Representative mushroom vortex. 

1 Thoraval et al., Phys. Rev. E 93, 033128 (2016).
2 Tan and Thoroddsen, Phys. Fluids 10, 3038 (1998).
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Reduced models for ellipsoidal droplets with interfacial viscosity in 
shear flows 

D. Taglientia, F. Gugliettab  and M. Sbragagliaa

We propose an extension of the phenomenological Maffettone-Minale1 model to 
study both time-dependent shape changes and the stationary rheology of a droplet 
with interfacial viscosity under the influence of a shear flow.  
 The droplet is assumed to have a spherical shape at rest and deforms due to the 
effects of the shear flow into an ellipsoidal shape, whose geometry is given in terms of 
a symmetrical second-order tensor S. Beyond the surface tension effects and the
viscosity ratio λ between inner (λµ) and outer (µ) bulk viscosities, the extended 
Maffettone-Minale (EMM) model accounts for the effects of interfacial shear (µs) and 
interfacial dilational (µd) viscosities, represented by the Boussinesq numbers Bqs, Bqd 
(see Fig.1), weighting the in-plane and normal interface friction. 

At varying λ, Bqs, Bqd., the EMM model is quantitatively shown to well represent 
time dependent and steady state droplet rheology arising from sufficiently small 
deformations via comparison with numerical simulations. The numerical solver 
employed is the immersed boundary - lattice Boltzmann (IBLB) method, a well-
established method that only recently started to be applied to problems involving the 
dynamics of soft particles with viscosity at the interface. To extend the numerical 
validation, comparisons with other models are also proposed. 

a
Dept. of Physics & INFN, University of Rome “Tor Vergata”, Via della Ricerca Scientifica 1, 

00133, Rome, ITA.
b

Helmholtz Institute Erlangen-Nürnberg for Renewable Energy (IEK-11), Forschungszentrum 

Jülich GmbH, Cauerstraße 1, 91058 Erlangen, DEU 
1 Maffettone and Minale, J. of Non-Newtonian Fluid Mech. 78, 227 (1998).

Figure 1: Shear plane section of a deformed droplet with viscous interface; the interfacial 

dynamics are represented in the yellow box; the droplet rheology at time t is captured by the 
deformation parameter D(t) and the inclination angle θ(t). 
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Bag mediated film atomization in a cough machine: role of 
viscoelasticity 

Mogeng Lia, Pallav Kanta, Stéphane Zaleskib, Detlef Lohsea,c 

In this study, we experimentally investigate the underlying fluid mechanical 
processes in the mucus-lined airway associated with violent respiratory events, such as 
coughing or sneezing. Such complicated processes are mimicked in an in-house built 
cough machine, where a thin liquid film deposited at the bottom of a horizontal channel 
is sheared by a pulse of strong airflow.  

In our previous work1 using Newtonian fluid as the working fluid, we identify the 
main mechanism of aerosol generation during the shearing of the liquid film as the 
bursting of inflated bag-like structures (see figure 1a,c). When an inflated bag bursts, 
the retracting liquid rims shed a large number of droplets. In the present study, we 
achieve a more realistic representation of the muco-salivary liquid using viscoelastic 
non-Newtonian fluid. With the addition of a small amount (≤ 1 wt.%) of polymers to 
water, the viscoelasticity changes the film structures drastically (figure 1b): first, the bags 
grow to a larger size and break up at a later stage; second, when a hole appears during 
the breakup of a bag, very few droplets are produced from the retracting rims, instead, 
the liquid is stretched into long ligaments. These observations are further confirmed by 
the morphology of discharged liquid at the exit, where the classical beads-on-a-string 
structures are formed (figure 1e). More importantly, this fundamental study has 
profound implications in understanding the mechanism of bioaerosol generation. 

Figure 1: (a,b) Top view of the bag structures. (c) Magnified view of a bursting bag. (d,e) 

Side view at the exit of the channel. The liquid used are (a,c,d) Newtonian and (b,e) viscoelastic. 
The bulk velocity of the airflow is 30 m/s from left to right. 
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Numerical simulations and stability analysis of the core-annular 
flow in the presence of surfactants 

A. Lytraa, M. Vlachomitroua and N. Pelekasisa

Microfluidics is a robust technology for the formation of monodispersed 
microparticles, such as coated microbubbles, at high production rates1. The coating is 
usually a surfactant lipid mononolayer, that enhances the life-time of the bubble in 
medical applications. The mechanism responsible for the pinching process and the 
nature of the emerging instability is not fully explained in the literature. In this 
context, we study the axisymmetric core-annular flow of two immiscible fluids and the 
bulk transport of surfactant to their interface for various tube geometries. The finite 
element method is employed to discretize the momentum, continuity and mass 
transport equations along with the kinematic and dynamic conditions. The steady state 
model shows that as the core viscosity decreases compared to annulus viscosity or as 
the surface surfactant concentration increases, the interface approaches the axis of 
symmetry. The bulk concentration exhibits almost no variation and a very thin 
boundary layer is formed across the interface, which scales like Pe-1 as we vary the 
characteristic velocity. Initial results of the stability analysis show that we obtain 
convective or absolute instabilities2 at low or high values of surface tension, 
respectively. In addition, the reduction of surface tension due to Marangoni effect can 
lower the growth rate curve, thus stabilizing the flow arrangement3, Fig. 1(a). Dynamic 
simulations in the absence of surfactants capture the onset of long wave instabilities4,5, 

that tend to saturate, Fig. 1(b). Finally, ongoing simulations with surfactants in the 
parameter space of the experiments reveal shorter wave instabilities, which can lead to 
bubble formation. Elliptic mesh generation will assist the proper mesh representation. 

a
Dep. Mechanical Engineering, UTH, Leoforos Athinon, Volos, 38334, Greece 

1 Chu et al., Microfluidics Nanofluidics 14, 309 (2013).
2 Vlachomitrou and Pelekasis, J. Fluid Mech. 660, 162 (2010).
3 Bassom et al., J. Fluid Mech. 704, 333 (2012).
4 Preziosi et al., J. Fluid Mech. 201, 323 (1989).
5 Kouris and Tsamopoulos, Phys. Fluids 14, 1011 (2002).

Figure 1: (a) Growth rate curve. (b) Temporal evolution of the interface. Dimensionless 

parameters: ρ2/ρ1=1, μ2/μ1=12, Ca=4.99∙10-3, We=2.74∙10-3, (Re=0.55). 
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Regime transition from stranded to reconnected streams in a laminar 
film falling on a horizontal cylinder 

G. Wadhwaa, J. Mohd.b, D. Poddarb , R. Rajanb, G. Mandala, P. V. Kadamb,
S. Sahaa and D. Dasb

Thin film flows past a circular cylinder can be commonly observed in industrial 
applications like heat exchangers and coating processes. Previous studies on such flows 
have assumed[1,2] that the flow from both sides of the cylinder reconnects at the bottom. 
This may not be true in realistic scenarios and have an effect on the efficiency of 
industrial processes. We conduct an experimental study using various concentrations of 
sugar syrup to identify the regimes that exist for the fluid film leaving the cylinder. We 
observe the existence of four regimes depicted on a regime diagram in Fig 1. Regime I 
shows two strands with dripping flow, Regime II shows two independent falling strands 
of continuous streams, Regime III shows the re-connection of the falling films on the 
rear stagnation point of the cylinder, and Regime IV shows re-connection of the two 
streams with an air gap aft of the cylinder. Furthermore we show that axisymmetric and 
2D film flows show similar regimes using two different orifices, i.e., a jet falling under
gravity from a circular hole and a sheet falling from a rectangular slit. We find that non-
dimensional numbers that govern this flow are Reynolds Number and the product of 
Bond Number and Weber Number with area of orifice/cylinder diameter as length scale 
and average velocity at the orifice as the velocity scale. Finally, we explore the interplay of 
inertial, gravitational, viscous and capillary forces that leads to regime transition. 

a
Dep. Aerospace Engineering ,IIT Kharagpur, Kharagpur, West Bengal - 721302, India 

b Dep. Aerospace Engineering ,IIT Kanpur, Kalyanpur, Kanpur, Uttar Pradesh - 208016, India 
1 J. Rogers, The Canadian Journal of Chemical Engineering 59, 213–222 (1981). 
2 G. Leslie, S. Wilson, and B. Duffy, Physics of Fluids 23, 062101 (2011). 

Figure 1: Regime diagram showing all four regimes as a function of the non dimensional numbers. 
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The effect of side walls on the stability of falling films 

H. Mohameda, J. Sesterhennb and L. Biancofiorea

Although the stability of infinitely wide films has been extensively studied in the 
literature, there exists a very limited number of studies that consider the influence of 
side walls on the stability of falling films1,2. These studies report a stabilization effect at 
certain range of wavenumbers but have no theoretical explanation to offer.  

In this work we built a comprehensive theoretical and experimental framework in 
order to study the effect of side walls for the range of parameters where that 
interesting stabilizing behaviour occurs. Temporal stability analysis was performed by 
the linearized Navier-Stokes equations using Chebyshev spectral methods.  

First, the theoretical model was validated against the experiments by comparing the 
spatial growth rate. Very good agreement was found between the two models for a 
channel width (W) of 129mm as shown in figure 1(a). For the same width, figure 1(b) 
shows the significant change of the neutral curve and the immergence of a stable 
region (white) for a certain range of wavenumbers.  

Figure 1(c) shows the temporal growth rate along the wavenumber for different 
channel widths. For W = 344 mm, a cusp starts to form in the most unstable mode at 
a certain wavenumber. By further decreasing W to 259 mm, the cusp becomes 
sharper, and its corresponding wavenumber increases. When the channel width is 
sufficiently decreased to 129 mm, the cusp becomes a simple bifurcation of two 
different modes. Moreover, we show that the two modes belong to two 
eigenfunctions that have significantly different modal shapes. 

a
Dep. Mechanical Engineering, Bilkent University, Bilkent, 06800, Ankara, Turkey

b
Lehrstuhl für Technische Mechanik und Strömungsmechanik, Universität Bayreuth, 

Universitätsstraße 30, 95447 Bayreuth, Germany 
1 Kogel and Aksel, Acta Mech. 231, 1063 (2020).
2 Vlachogiannis et al., Phys. Fluids 22, 012106 (2010).

Figure 1: (a) Comparison of the spatial growth rate between theory and experiments for 

Re=60, W=129 mm and inclination angle β=10. (b) Growth rate contours for the same W and 
β as (a). (c) Temporal growth rate as a function of the wavenumber. 
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High fidelity weighted residual integral boundary-layer method for 
modelling thin film flows on inclined corrugated substrates 

S. Veremieieva and D.H. Wacksa

The problem of interest [1] consists of the 
two-dimensional, gravity-driven, free-surface 
laminar film flow of a Newtonian liquid over 
a regularly-corrugated surface inclined at an 
angle β to horizontal, see Fig. 1. The surface
is assumed to have the following form: s(x) = 
A·b·(2πx/L), where b(x) ∈ [0,1] is a
normilised periodic function, A is the
corrugation amplitude and L is the
corrugation wavelength. Air above the film is 
taken as stationary and the interface beetween 
the film and the air is denoted as f(x,t).

A theoretical model is developed that 
successfully extends the standard first and second-order accurate weighted residual 
integral boundary-layer (WIBL) method proposed by [2, 3] to include third- and fourth-
order terms [4] in the long-wavelength expansion. Steady-state solutions for the free-
surface and linear stability analysis based on Floquet theory are presented and compared 
against those from experiments and full Navier-Stokes solutions [5-11]. Both sinusoidal 
and smoothed rectangular corrugations with variable width W and steepness D are 
considered. The conditions leading to the onset of free-surface instability are developed. 
It is shown that the WIBL is capable of predicting characteristic patterns of free-surface 
disturbance and neutral stability curves, including short-wave nose and isles of 
stability/instability as reported in experiments. It is concluded that the WIBL model 
consists of a trade-off between the accuracy of a full Navier-Stokes computation and 
the efficiency of an integral method, therefore presenting a potential attractive means 
of extension and utilisation for understanding of film flows over three-dimensional 
topographies where the computational times involved remain prohibitively restrictive. 

a
Department of Engineering, Durham University, Durham, DH1 3LE, UK 

1 Aksel and Schörner, Acta Mech. 229 (4), 1453–1482 (2018). 
2 Ruyer-Quil and Manneville, Europ Phys. J. B 15 (2), 357–369 (2000). 
3 D’Alessio et al, Phys. Fluids 21 (6), 062105 (2009). 
4 Veremieiev and Wacks, Phys. Fluids 31 (2), 022101 (2019). 
5 Wierschem and Aksel, Phys. D: Nonlin. Phenom. 186 (3), 221–237 (2003). 
6 Nguyen and Bontozoglou, Phys. Fluids 23 (5), 052103 (2011). 
7 Cao et al, J. Fluid Mech. 718, 304–320 (2013). 
8 Trifonov, Phys. Fluids 26 (11), 114101 (2014). 
9 Trifonov, J. Appl. Mech. Tech. Phys. 57 (2), 195–201 (2016). 
10 Schörner et al, Phys. Fluids 28 (2), 022102 (2016). 
11 Schörner et al, Acta Mech. 229 (2), 423–436 (2018).

Fig. 1. Schematic diagram of gravity-driven 
flow over smooth periodic rectangular 
corrugations, showing the coordinate 
system and relevant notation adopted. 
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A simple model for arbitrary pollution effects on swirling free-
surface flows

A. Faugaret1,b, Y. Duguetb, Y. Fraigneaub and
L. Martin Witkowskib,c

Ambient pollution acts like surfactants on free-surface flows and can hence strongly 
affect their nonlinear dynamics. A cylindrical free-surface flow driven by a slow 
rotating bottom is considered here as a generic example for such effects and is 
investigated both experimentally and numerically. We suggest here a simple numerical 
model without superficial transport of the surfactants, adaptable into any code for 
single-phase flows. The model does not possess any free parameter and is 
independent on the closure model for surfactants. For the stationary axisymmetric 
base flow, the radial velocity at the interface is set to zero whereas the usual stress-free 
boundary conditions are retained for the perturbations. For a geometrical aspect ratio 
of 1/4, known to display ambiguous behaviour regarding stability thresholds, the 
modal selection as well as a nonlinear stability island found in the experiments are well 
reproduced by the model, both qualitatively and quantitatively.  

1
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b  Université Paris-Saclay, CNRS, LISN, 91400 Orsay, France
c  Faculté des Sciences et Ingénierie, Sorbonne Université, 
    UFR d’Ingénierie, F-75005 Paris, France
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Fingering instability of coalescing thin films 

M. L’Estiméa, M. Doblera, L. Duchemina, J. Bicoa and E. Reyssata

The bonding of two solid objects commonly involves the contact of opposing 
surfaces coated with a layer of adhesive. The dynamics of merging of liquid layers 
partly determines the quality of adhesion. As both layers of viscous fluid are brought 
in contact, liquid bridges form and grow, finally leading to complete adhesion. Upon 
propagation, the adhesive front develops an original fingering instability. We describe 
the dynamics of such a front and the characteristics of the associated fingering 
pattern. We discuss a series of minimal model experiments to explore some of the 
physical mechanisms involved in this complex process.  

Figure 1: (a) top view of two liquid-coated plates forming a sharp wedge. Upon coalescence, 

an adhesion front forms and propagates. The adhesion front exhibits a fingering instability 
during the propagation.  

a
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New understanding of interfacial flows
Rajesh K Bhagata, and Paul F Lindena 

Recently, we presented a new theory of hydraulic jumps (Bhagat et al.1;Bhagat & 
Linden2) that has challenged the fundamental understanding of interfacial flows; and 
unsurprisingly, the theory is questioned. We compared our theory with the last three 
decades of experimental data, including the experiments conducted in zero gravity, 
and the theory gave excellent prediction to the data (Bhagat et al.3) In order to test the 
consistency of the theory and its application on other interfacial flows; we now 
examine and address the following issues:  

1) The influence of downstream flow on the hydraulic jump; its formation, the
subsequent evolution, and finally when the downstream flow reaches the steady state. 

2) Consistency of the theories; we examine the consistency of Bhagat et al.1 and
gravity-based predictive theory given by (Kurihara4;Tani5) with the phenomenological 
condition, valid at a sharp jump. Note that the phenomenological condition must be 
satisfied. 

3) Finally, the establishment of a theory relies upon experiments, consistency, and
their ability to explain other problems; here, we have applied the theory to explain the 
disintegration of a liquid sheet. Our predictive theory recovers the condition for the 
disintegration of the liquid sheet given by Taylor6. 

a Department of Applied Mathematics & Theoretical Physics, Cambridge, CB3 0WA 
1 Bhagat, Rajesh K, Jha, NK, Linden, PF & Wilson, D Ian, J. Fluid Mech. 851, (2018).
2 Bhagat, Rajesh K & Linden, PF. J. Fluid Mech. 896, (2020).
3 Bhagat, Rajesh K, Linden, PF & Wilson, D Ian, arXiv preprint arXiv:2010.04107 (2020) 
4 Kurihara, M, Proc. of the Rep. of the Res. Inst. for Fluid Eng. 3 (2), (1946).
5 Tani, I. J. Phy. Soc. of Japan. 4 (4-6), (1949).
2 Taylor, GI. Proc. of the Royal Soc. of London - A. 253(1274), (1959).
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Characterization of the pressure drop 
in viscoelastic PDMS wall channels 

A-Reum Kima, Sushanta K. Mitrab* and Boxin Zhaoa*

Polydimethylsiloxane (PDMS) is widely used to fabricate lab-on-a-chip microfluidic 
devices due to its chemical inertness and biocompatibility. The viscoelastic nature of 
PDMS brings additional hydrodynamic features in PDMS wall channels. In literature, 
researchers have reported the bulging effect of PDMS wall due to the flow of fluids, 
which increases the cross-sectional area of the channel and decreases the pressure drop 
across the channel compared to that of rigid channels1. Herein, we fabricated PDMS 
wall channels (inner diameter: 0.5 mm) inside rigid cellulose tubes (inner diameter: 3.2 
mm and 6.4 mm; length: 40 mm), thereby limiting the bulging effect of the PDMS wall 
(Figure 1(a)). Viscoelasticity of the PDMS was modulated by changing the weight ratio 
of base to crosslinker from 10:1 to 35:1. We measured the pressure drop of flowing 
Newtonian fluids (water and water/glycerol mixture) within the laminar regime (Re ~
0.69 – 58.6)2. The elastic PDMS 10:1 channel obeyed the classical Hagen Poiseuille’s 
equation following the rigid channel case. However, the viscoelastic PDMS wall channel 
(PDMS 15:1 – PDMS 35:1) did not follow the classical equation, presenting the reduced 
pressure drop. The friction factor of the viscoelastic PDMS wall channels was 
approximated as f = 47/Re, while the elastic PDMS wall channel followed the Darcy
friction factor (f =64/Re) (Figure 1(b)). The higher wettability of PDMS with less
crosslinker is likely responsible for the reduced pressure drop. In detail, PDMS 35:1 
with 33 wt % free oligomers showed a lower receding contact angle of 38 ° than that of 
PDMS 10:1 with 5 wt % free oligomers (90 °), indicating the lower friction at the 
interface between PDMS wall and flowing fluids (Figure 1(c)). These findings provide 
important design tools for next generation biomimetic soft manipulators and robots.  

a
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University Avenue West, Waterloo, ON, N2L 3G1, Canada 
b
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of Waterloo, 200 University Avenue West, Waterloo, ON, N2L 3G1, Canada 
1 Brian, et al., Lab Chip 9, 7 (2009).
2 A-Reum, et al., Langmuir 37, 49 (2021).

Figure 1: (a) A schematic of the cross-sectional view of the PDMS wall channel. (b) The friction 

factor (f) of the PDMS wall channel against the Reynolds number (Re). (c) Dynamic contact
angles of water drops on PDMS 10:1 and 35:1 after diffusion of water. Scale bar: 0.5 mm. 
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Slip at gas-enriched liquid-liquid interfaces 

Antonio Tinti a, Emanuele Telari a, Alberto Giacomello a 

In the present contribution we devote our attention to the phenomenon of slip at 
liquid-liquid interfaces in presence of dissolved gases. Non-equilibrium molecular 
dynamics simulations were deployed in order to understand how poorly soluble 
species accumulate at liquid-liquid interfaces under shear and how the presence of this 
third species affects momentum transfer at the interface. 

Depending on the concentration of the gaseous species two distinct regimes were 
observed and studied: at lower concentrations poorly soluble gases were found to 
preferentially accumulate at the liquid-liquid interfaces enriching it, while at higher 
concentrations a distinct gaseous layer could be observed. Navier boundary condition 
was found to accurately describe the interfacial behaviour at low concentrations, 
allowing to correctly account for the slippage at the interface between the two liquids. 
More in particular two opposite trends were observed for soluble and poorly-soluble 
species; Slip length was measured to decrease with the concentration of the third 
species in the first case and to significantly increase in the latter.  In this enriched-
interface regime the liquid-liquid interface is significantly altered by the accumulation 
of the poorly soluble species, but changes in slip length were observed to remain 
limited to few molecular diameters giving rise to an intrinsic slip. In the more
concentrated regime on the contrary, further accumulation of poorly-soluble species 
the interface was found to give rise to a distinct gaseous layer replacing the original 
liquid-liquid interface. In this case, large apparent slip lengths were observed (over one
order of magnitude larger than the intrinsic ones described earlier), growing linearly 
with the layer width. This behaviour could be captured quantitatively by a simple 
three-fluids model.   

The results obtained indicate and detail how the often-neglected presence of a 
dissolved third species significantly enriches the liquid-liquid slip phenomenology. The 
findings hereby reported are especially relevant in the context of state of the art drag-
reduction technologies, such as of Liquid-Infused surfaces2, and to understand the 
occurrence of large slip at surface nanobubbles3.  

a
Dept. of Mechanical and Aerospace Engineering, Sapienza University of Rome, Via Eudossiana 18, 
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Thin liquid film flows on hemispherical and conical substrate 

P. H. Gaskella, M. Scholleb and F. Marnerc 

Gravity-driven film flow on three-dimensional curved substrate, a hemisphere and a 
cone, is investigated for two different deposition scenarios: (i) continuously-fed full 
coverage; (ii) partial coverage and rivulet formation following the release of a fixed 
initial volume of liquid. The former is modelled beginning from a first-integral of the 
Navier-Stokes equations1, leading to a variational formulation in the case of steady 
flow and an advantageous re-formulation of the dynamic boundary condition at the 
free surface; the latter is investigated experimentally, prior to the onset of, and post, 
instability. These new results, a sample of which is shown in Fig. 1, are placed in 
context with reference to previous experimental studies involving film flow on 
cylindrical2 and spherical3 substrates together with recent, newly acquired, 
experimental data and flow visualisations specific to film flow on conical substrates. 
The combined theoretical and experimental results associated with both deposition 
types lead to new and practically useful scaling laws 

a
Dep. of Engineering, Durham University, Durham, DH1 3LE, UK

b
ISAPS Institute, Heilbronn University, D-74081 Heilbronn, Germany 

c Inigence GmbH, D-74626 Bretzfeld, Germany
1 Scholle et al., J. Math. Phys. 59, 043101 (2018)
2 Smolka and SeGall, Phys. Fluids. 23, 092103 (2011)
3 Takagi and Huppert, J. Fluid Mech. 647, 221 (2009)

Figure 1: Thin film flow over (a) hemispherical and (b) conical substrate: (i) 
schematics and the coordinate system employed in the analysis of continuously-fed 
full coverage (left column) together with the predicted local film thickness (middle 
column); (ii) typical experimentally obtained images of partial coverage and rivulet 
formation following the release of a fixed fluid volume (right column). 
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Endogenous surfactant explains maze-solving dynamics 

Richard Mcnaira, Fernando Temprano-Coletob, Frédéric Giboub, Paolo 
Luzzatto-Fegizb, François J. Peaudecerfc, Oliver E. Jensena, and Julien R. 

Landela 

Experiments1 have shown that surfactant introduced at the entrance of a maze filled 
with a shallow layer of milk can induce a flow in the liquid which spontaneously finds 
the solution path, effectively solving the maze with minimal flow into dead-end 
sections.  Here, we test the hypothesis that this maze-solving behaviour is due to the 
dynamics of a second species of surfactant endogenous to the liquid. Lubrication 
theory can be used to derive equations capturing the Marangoni flow induced by 
surfactants, which reduce to a nonlinear diffusion equation2 describing the spread of 
the exogenous surfactant in a large-gravity and low-Reynolds-number limit.  Treating 
both species of surfactant as a single concentration field, we solve this equation 
simultaneously with a kinematic equation to track the exogenous front locations. 
   To solve the governing equation on a network representing the topology of the 
maze, we construct a mass-conserving mimetic-finite-difference (MFD) scheme using 
tools from discrete calculus and graph theory. We find that the simulation qualitatively 
captures the maze-solving behaviour observed in the experiment, with the result 
dependent on only two fitting parameters: the mass ratio of exogenous to endogenous 
surfactant, and the initial ratio of the surfactant concentrations. A modal 
decomposition of the MFD Laplacian operator shows that only three dominant 
modes are needed to qualitatively capture the key behaviour of maze solving, and the 
experimentally observed behaviour of receding in dead end sections.  
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Figure Error! Main Document Only.: Experiment1 (left) compared to the numerical
simulation (right) at the corresponding time. 
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Flows of ionic liquid based aqueous biphasic systems in small 
channels  

Y.V. Phakoukakia, P. Angelia, P. OShaugnessyb

The work concentrates on two phase flows of ionic liquid based – aqueous biphasic 
systems (IL-ABS) in small channels. Aqueous biphasic systems (ABS) form by the 
addition in water of two water-soluble compounds, usually a polymer and a salt that 
induce separation into two phases. They have been used for a range of extractions 
including various biomolecules and precious metals 1. They have high recovery yields, 
while being environmentally friendly (with water content as high as 70%), economic 
and biologically compatible2. Moreover, IL-based ABS (formed with kosmotropic salts 
and hydrophilic ionic liquids) overcome some of the drawbacks encountered by 
conventional polymer-based ABS systems like interface precipitation and weak 
separation resulting in long settling times.  

ABS extraction separations have previously been mainly operated in batch systems. 
Separations in small channels offer high mass transfer efficiencies and overcome 
problems such as a wide range of residence times, flooding, back mixing, and 
emulsification encountered in batch systems. Continuous separations offer additional 
advantages over batch ones including improved mass transfer rates, flexibility, and 
safety, leading to sustainable processing. 

In the work here the flow patterns of IL-ABS in small channels were studied in 
capillaries; to the best of our knowledge this is the first time such flows have been 
studied in microfluidic channels. The test sections had internal diameters of 0.2, 0.5 and 
0.8 mm. To achieve the two-phase flow, the immiscible IL and the K3PO4 salt aqueous 
solutions meet in a T-junction inlet prior to their flow in the main channel. The physical 
properties such as density and interfacial tension of IL-ABS were obtained for different 
concentrations of the IL and the salt (18, 20 and 22 wt%), needed for the calculation of 
the dimensionless numbers used in the flow pattern maps. It was found that a 
combination of the Capillary and Reynolds numbers could be used to represent the flow 
pattern, for all ABS IL and salt concentrations. The results show that the flow patterns 
in microfluidic devices can now be controlled not only by mechanical factors like 
volumetric flow rates or channel size but also by modulating the ABS solute 
concentrations.  

a Dep. Chemical Engineering, UCL, Gower St, London WC1E 6BT, UK 
b Johnson Matthey, Blounts Ct Rd, Sonning Common, Reading RG4 9NH, UK 
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Dynamics of coating flow on a rotating elliptical cylinder 

J. D. Reillya, S. K. Wilsona and A. W. Wraya

Coating the exterior of an object with a fluid layer is a fundamental problem in fluid 
mechanics and is relevant to many industrial processes, such as the production of 
photographic film and aluminium foil. Perhaps the most well-known example of this is 
the coating of a rotating horizontal circular cylinder with a thin film of fluid, which was 
studied in the pioneering papers by Moffatt1 and Pukhnachev2. Since then, this work 
has been extended to incorporate a variety of other physical effects (e.g. temperature 
and electrical field effects) and remains a rich area of ongoing research. In many 
applications (such as the coating of chocolate bars and orthopaedic implants), the 
substrate may not be perfectly circular, and while the coating of a circular cylinder has 
been well studied in recent years, there has surprisingly been almost no work on non-
circular cylinders. Even a slight eccentricity can cause a radical difference in the 
behaviour compared to the perfectly circular case3. Two-dimensional flow on the 
surface of a rotating elliptical cylinder was first studied by Hunt4 and more recently by 
Li et al.3, both of whom used Direct Numerical Simulations (DNS). In the present work 
we will use Lubrication Theory to derive and analyse a reduced model for thin-film flow 
on a rotating horizontal elliptical cylinder. This model retains the essential physics 
inherent in the full problem, but is much less computationally expensive than DNS and 
is also analytically tractable in special asymptotic limits and/or special cases. A 
parametric study of the cylinder rotation rate reveals four characteristic behaviours of 
the fluid: a periodic oscillating hanging bulge, a bulge formed by gravity and 
centrifugation which travels around the cylinder, bulges formed at the cylinder tips by 
centrifugation which travel around the cylinder, and bulges formed and held at the tips 
by centrifugation. 
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Figure Error! Main Document Only.. Schematic of a thin film of fluid on a uniformly
rotating elliptical cylinder in the frame of reference rotating with the cylinder.  
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Capillary-scale rebounds: modelling, simulation and experiments 

R. Cimpeanua, C. A. Galeano-Riosb, P. A. Milewskib, L. Alventosac and
D. M. Harrisc

Two related low-to-moderate speed impact scenarios are tackled herein as part of a 
large scale collaborative effort bringing together complementary approaches in the 
context of investigating an intriguing yet beautiful multi-scale fluid system.  

We will start with the canonical setup of a millimetre-sized superhydrophobically 
coated solid sphere impacting onto the free surface of a quiescent bath, which can be 
propelled back into the air by capillary effects and dynamic fluid forces, whilst 
transferring part of its energy to the fluid. Experiments, simulations and asymptotic 
analysis reveal trends in the rebound metrics, uncover new phenomena at both ends 
of the Weber number spectrum, and collapse the data1. Direct numerical simulations 
(DNS) successfully reproduce experimental data whilst also providing insight into 
flow quantities that are challenging to determine from experiments. A model with no 
fitting parameters based on matching the motion of an impactor to a linearised fluid 
free surface is validated against DNS and deployed in the low-Weber-number regime 
after having confirmed its range of validity. The cross-validated approaches in this 
study allow the exploration of the entirety of the target parameter space. 

Following the successful investigation of the fluid-structure interaction case above, 
the system is further enriched by considering (deformable) liquid rather than solid 
impactors, again both experimentally and theoretically. Millimetric drops impact a 
deep bath of the same fluid and are generated using a custom syringe pump connected 
to a vertically-oriented needle. Measurements of the droplet trajectory are compared 
directly to the predictions of a quasi-potential model, as well as fully resolved unsteady 
Navier-Stokes DNS. Both models resolve the time-dependent bath interface shape, 
droplet trajectory, and droplet deformation. In the quasi-potential model, the droplet 
and bath shape are decomposed using orthogonal function decompositions leading to 
a set of coupled damped linear oscillator equations solved using an implicit numerical 
method. The underdamped dynamics of the drop are directly coupled to the response 
of the bath through a single-point kinematic match condition, which we demonstrate 
to be an effective and efficient model in certain parameter regimes. Specific scenarios 
where the oscillations of the droplet and bath play a significant role in the overall 
dynamics will be highlighted. 

a
Mathematics Institute, University of Warwick, Coventry, CV4 7AL, UK 

b Department of Mathematical Sciences, University of Bath, Bath, BA2 7AY, UK
c

School of Engineering, Brown University, Providence, RI 02912, USA 
1 C.A. Galeano-Rios et al., J. Fluid Mech. 912, A17 (2021).
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Dynamics of Compressible Displacement in a Capillary Tube 

C. Cuttlea and C. W. MacMinna

The displacement of viscous liquid in a confined geometry due to the injection of 
gas has relevance to systems including CO2 sequestration and battery design in 
industry, as well as the reopening of pulmonary airways in biology and medicine. 
Expelling liquid from a capillary tube by injecting air is perhaps the simplest example 
of such a flow, if not the simplest example of any two-phase flow. Here, however, we 
demonstrate through experiments and modelling that complex dynamical regimes 
arise in this system due to the compressibility of the injected air. In experiments, we 
drive silicone oil from the tube by compressing a connected reservoir of air at a fixed 
volumetric rate. We observe unsteady flow dynamics, despite the constant imposed 
rate of compression (i.e., the nominal flow rate), due to interaction between spring-
like compressibility of the air and diminishing viscous resistance in the draining oil 
slug. A simple mathematical model incorporating these effects captures the 
experimental dynamics quantitatively over a broad range of nominal flow rates and air 
reservoir volumes. Moreover, we find that for large air reservoirs the dynamics are 
governed by a single dimensionless ‘compressibility’ number. In this limit, and in the 
absence of residual liquid films, the model predicts two distinct dynamical regimes, 
separated by a critical value of compressibility number. In the low-compressibility 
regime, displacement dynamics are analogous to an incompressible system, after an 
initial transient. The high-compressibility regime, meanwhile, is associated with short 
bursts of high flux as the liquid slug is fully expelled. Both of these regimes are 
observed in experiments, albeit slightly modified by the presence of thin residual films. 

While gas compression has typically been avoided in previous studies of 
displacement flows, our work points to its potential as a new way of manipulating and 
controlling interfacial dynamics.  

Figure 1: (a) Schematic of the experimental set-up. An air reservoir of initial 
volume Vi is compressed at a fixed volume rate Q to displace a liquid slug of initial

length L. (b) Time-lapse images for two experiments with different air reservoir
volumes, hinting at the two regimes. 

a
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Dynamics of droplet spreading on weakly viscoelastic liquid films 

A. Prasinoua, M. Pavlidisa and G. Karapetsasa

Droplet spreading over rheologically complex liquid substrates occurs in a variety of 
technological and biological applications. A characteristic example is the delivery of 
aerosol drugs, with droplet spreading taking place along the airway mucus of the 
lungs, which typically exhibits viscoelastic behaviour.  
In the present study, we examine the spreading of a Newtonian droplet over an 
immiscible viscoelastic liquid substrate, described by the Oldroyd-B constitutive law. 
A detailed theoretical model is derived employing lubrication approximation in the 
limit of sufficiently thin droplets and liquid films. For weakly viscoelastic liquid films, 
we employ perturbation theory to derive evolution equations for the interfacial 
positions and the viscoelastic stresses as corrections to the Newtonian solution. The 
singularity typically arising at the contact line is regularized with the use of disjoining 
pressure.  
A thorough parametric study is performed for droplets spreading over (a) horizontal 
and static liquid films and (b) inclined falling liquid films. Our investigation reveals 
that the elasticity of the subphase mainly affects the wetting dynamics at the early 
stages of the spreading process. At late stages, the effect of elasticity diminishes, and 
the viscous behaviour becomes dominant. A detailed discussion on the mechanisms 
affecting the flow will be presented. Moreover, it is shown that the presence of a base 
flow in the case of an inclined falling film, leads to asymmetric droplet spreading, 
whereas in the presence of multiple drops the continuous stretching of the droplets by 
the flowing film flow eventually leads to merging (see Fig. 1) and the formation of a 
thin liquid film over the viscoelastic subphase. 

Figure 1: Profile of two droplets spreading along a viscoelastic liquid falling film just before 
merging takes place. 
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Effect of surfactants on drop formation in a microfluidic channel 

M. Kallia, P. Picob, L. Chagota, L. Kahouadjib, O. K. Matarb and P. Angelia

Emulsions are relevant to applications such as inkjet printing, healthcare and 
pharmaceuticals. In recent years, microfluidic approaches have been used to produce 
monodisperse emulsions. Surfactants are commonly added to modify the interfacial 
properties and improve emulsion stability. Forming drops in the dripping regime 
results in the accurate control of the drop diameter and formation time. However, the 
presence of surfactants affects several aspects of the drop formation process in the 
microfluidic channels such as mixing and interfacial tension and thus the final size. It 
is, therefore, important to study the behaviour of surfactants at different 
concentrations, during all stages of the drop formation process, which are expansion, 
necking and pinch-off.  

In order to investigate velocity fields and circulation patterns during all stages of 
the fast drop formation process, high-speed bright-field imaging and high-speed μPIV 
techniques were used. Drops were generated in a flow-focusing glass microchannel 
using a low viscosity silicone oil (4.6 mPa s) as the continuous phase and a mixture of 
48% w/w water and 52% w/w glycerol as the dispersed phase. A non-ionic surfactant 
(TritonTMX-100, TX100) was dissolved in the dispersed phase at concentrations below 
and above the critical micelle concentration (CMC).  

Results reveal smaller drop diameters and shorter drop formation times at high 
surfactant concentrations compared to low ones, due to the low interfacial tension 
force. Velocities obtained from high-speed μPIV experiments are faster with 
surfactant addition during all stages of drop formation. Convection was found to be 
more prominent in the surfactant-free case and smaller circulation patterns inside the 
forming drops were seen with increasing surfactant concentration. Circulation 
completely disappears at concentrations above the CMC. In our recent studies1 it was 
found that high dispersed phase flowrates result in reduced interfacial tension, even 
though the surfactant has less time to travel to the interface and high interfacial 
tension values should be expected. It is shown here that with increasing dispersed 
phase flowrate, larger circulation patterns are seen during the drop expansion stage 
which could enhance surfactant mass transport to the interface. 

Numerical simulations were also performed for the drop formation in the 
microfluidic channel and excellent agreement was found with experiments on drop 
size and formation time, velocity fields and circulation patterns. To fully understand 
the effect of surfactant on the drop formation process, it is vital to study its interfacial 
concentration as it can accumulate at the tip and cause Marangoni effects on the 
interface. The simulations revealed the local surfactant concentration in the whole 
drop and especially at the interface, which is very challenging to obtain experimentally 
in the microchannel for a moving drop.   

a
Dep. Chemical Engineering, University College London, Torrington Pl, London WC1E 7JE, UK 

b
Dep. Chemical Engineering, Imperial College London, South Kensington, London SW7 2AZ, UK 

1 Kalli et al, J. Colloid Interface Sci. 605, 204 (2022)
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Coupling of interfaces in inertialess stratified shear flows 

J. P. Alexandera, D. T. Papageorgioub 

In many multi-fluid environments, multiple interfaces can exist within the same 
system. Their influence on each other is of interest theoretically, as a coupled free-
boundary problem, and in applications such as lab-on-a-chip or other microfluidic 
devices. In such regimes, the fluids’ inertia is negligible with the surface or interfacial 
tension and viscous stresses being the dominant forces. Building from previous 
weakly-nonlinear studies, we present a long-wave analysis of the 3-layer 2D Poiseuille 
channel flow which leads to a pair of fully nonlinear coupled advection-diffusion 
PDEs, with fourth-order diffusion. In addition to the linear kinematic instability 
established in the two-layer case, a further linear instability is present due to cross-
diffusion of the interfacial tension. This is a Majda-Pego type instability as interfacial 
tension component always acts to suppress any interface deflection. 

Pseudo-spectral numerical simulations reveal that this newly identified instability 
can trigger a more dominant mechanism which pumps energy from the underlying 
base flow into the interfacial disturbances. This can be seen theoretically as a nonlinear 
transition of the flux component of the equations from hyperbolic to elliptic. Further, 
we show that a sufficient initial perturbation from a linearly stable parameter regime 
can induce this transformation, and that it is not necessarily self-sustaining (that is, the 
flux component can return to being hyperbolic everywhere). The multi-fluid system 
can also produce a variety of nonlinear phenomena, including droplet formation of 
the interior fluid, steady nonlinear travelling waves, and travelling wavetrains with 
distinct coarsening events which settle into two-frequency  quasi-periodic states. 

a
Manchester Centre for Nonlinear Dynamics, University of Manchester, Manchester, M13 9PL, UK

b
Dep. Mathematics, Imperial College London, London, SW7 2BX, UK 

Figure 1: (a) A snapshot of the travelling wave interface profiles between three vertically 
stratified fluids. The type of advection matrix is given below at each spatial location, with the 
elliptic region in black. (b) Spatiotemporal emergence of the elliptic advection matrix, in black, 
from a purely hyperbolic advection matric, in white, initial condition. 
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Gravity-driven coatings on three-dimensional substrates 

P.G. Leddaa, M. Pezzullab, E. Jambon-Puilletc, P-T Brunc and F. Gallairea 

Although the drainage and spreading processes of thin liquid films on substrates have 
received growing attention during the last decades, the three-dimensional analysis of 
coating flows on surfaces is limited to flat and axisymmetric substrates. We exploit 
differential geometry to study the drainage and spreading of thin films on generic 
curved substrates. Using the lubrication approximation, we initially investigate the 
drainage and spreading processes on spheroidal and paraboloidal substrates by 
employing an asymptotic expansion in the vicinity of the pole and a self-similar 
approach, finding that the thickness distribution is set by the substrate metric and 
tangential gravity force components. Spheroids with a large (small) ratio between 
height and equatorial radius are characterized by an increasing (decreasing) thickness 
moving away from the pole. The non-symmetric coating on a toroidal substrate shows 
that larger thicknesses and a faster spreading are attained on the inner region than on 
the outer region of the torus. An ellipsoid with three different axes is chosen as a 
testing ground for three-dimensional drainage and spreading. Modulations of the 
drainage solution along the azimuthal direction are observed, with a variation of the 
thickness along both axes. We derive an analytical three-dimensional solution which 
well agrees with numerical results. By imposing the conservation of mass, an analytical 
solution for the average spreading front is obtained. The analytical and numerical 
results are in good agreement. The resulting drainage solutions show also a favorable 
agreement with experimental measurements obtained from the coating of a curing 
polymer on diverse substrates (see Figure 1). 

a
Laboratory of Fluid Mechanics and Instabilities, EPFL, Lausanne, CH-1015, Switzerland

b
Slender Structures Lab, Department of Mechanical and Production Engineering, Aarhus    

University, Inge Lehmanns Gade 10, 8000 Aarhus C, Denmark 
c

Department of Chemical and Biological Engineering, Princeton University,Princeton, New-Jersey 

08540, USA 

Figure 1: (a) Coating of an ellipsoid of vertical semiaxis of 30 mm and horizontal semiaxes of 

24 and 48 mm. (b) Drainage analytical solution (solid lines) and experimental measurements 
(dots), rescaled with the thickness at the pole. 
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Dynamical Properties of Polymers Confined Between Alumina 
Surfaces via Quantum and Atomistic Simulations 

N. Patsalidisa, G. Papamokosb, G. Floudasb c and V. Harmandarisa d e

 The study of viscoelastic properties of polymeric melts under nano-
confinement, via computational approaches, is a very challenging problem due to the 
complex, quantum in origin, interfacial interactions between solid surfaces and 
polymer chains. This interaction creates a transition phase between the surface and the 
bulk polymer, called the interphase, within which a gradient of dynamical properties is 
observed.2,3 Atomistic molecular dynamics (MD) simulations can provide an excellent 
computational tool for studying the behavior of polymers/substrates hybrid systems 
at the atomic scale. For this, it is critical to develop 
atomistic models that accurately describe the complex 
surface/molecule interactions. 1 

Here, we address the above challenging problem, by 
developing a systematic hierarchical multi-stage 
computational approach that combines simulations across 
scales and machine-learning (ML) algorithms.4 First, 
quantum scale DFT calculations for the single 
molecule/substrate interaction are performed. Second, 
classical atomistic pair potentials that describe interatomic 
interactions between surfaces and polymer chains are 
developed using the DFT data, via ML optimization algorithms. In the last stage, the 
new atomistic model (force-field) is further used to perform MD simulations of 
polymer chains confined between solid substrates. As an example, the methodology is 
applied on polybutadiene and polyisoprene melts confined between Alumina 
substrates. Various structural (e.g. density profile, chain orientation) and mainly 
dynamical properties (e.g. segmental relaxation, mean square displacements, shear 
relaxation modulus) of the polymer chains are directly predicted from the MD 
simulations, and compared against experimental data and theoretical predictions. 

a Computation-based Science and Technology Research Center, The Cyprus Institute, Nicosia 2121, 

Cyprus. 

b Department of Physics, University of Ioannina, P.O. Box 1186, 451 10 Ioannina, Greece 

c University Research Center of Ioannina (URCI) - Institute of Materials Science and Computing, 
Ioannina, Greece   

d Institute of Applied and Computational Mathematics (IACM), Foundation for Research and 

Technology Hellas, (FORTH), IACM/FORTH, FR-71110 Heraklion, Greece; 

e Department of Mathematics and Applied Mathematics, University of Crete, GR-71409, Heraklion, 
Crete, Greece. 

1 Johnston and Harmandaris, Soft Matter 9, 6696 (2013).
2 Alexandris et al., Macromolecules 49, 7400 (2016).
3 Politidis et al., Macromolecules   52, 4185 (2019).
4 Patsalidis et al., The Journal of Physical Chemistry C, [to be submitted (2022)]
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       Contact-line treatment for phase-changing flows 
in a diffuse interface framework 

L.Brandt a,b , A. Demouc, N. Scapina, A. Shahmardia, and M. Pelantid

Nucleate boiling, as one of the most efficient mechanisms for heat transfer and energy 

conversion, has been widely used in many industries requiring substantial energy 

transfer within a short period of time (solar energy, thermal power, nanoelectronics, to 

name a few)1. During the last decades, theoretical studies together with the experimental 

tests and numerical simulations confirm the complex physics behind the nucleate 

boiling problem. Given the limitations of the theoretical approaches, especially for non-

ideal working fluids, and difficulties in experimental measurements, performing a 

successful numerical simulation of the problem is a demanding task worth pursuing.  

 In this study, we propose a novel mathematical framework, based on the diffuse 

interface method, able to incorporate not only phase change, compressibility but also 

wettability over complex surfaces. The governing equations are based on the Baer-

Nunziato two-fluid formulation2 and extended with the approach proposed in Ref. [1] 

to include contact angles treatment (both static and dynamic) and wall roughness. The 

method is first validated with simple benchmarks of increasing complexity with and 

without phase-change, and then employed in the more challenging configuration of 

three-dimensional nucleate boiling over hydrophobic and hydrophilic surfaces. 

Figure 1:  Instantaneous snapshots of volume fraction 0.5 iso-surfaces, colored using the temperature field for the 

three-dimensional nucleate boiling in water for time 0.40-0.45-0.50 s (left-center-right). 
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2 Demou et. al., Journal of Computational Physics. 448, 110730 (2021). 
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Fluidic shaping of optical components

M. Elgarisia, V. Frumkina, O. Luriaa and M. Bercovicia

Fabrication of optical components has not changed significantly in the past 
century, and relies on mechanical processing such as grinding and machining, followed 
by polishing of the optical surfaces - processes that can be complex, expensive, and 
time-consuming.1 Freeform surfaces, which enable advanced manipulation of light 
that is not possible with traditional optical systems, are particularly challenging to 
fabricate.2 
 In this work we present a simple method, based on free-energy minimization of 
liquid volumes, which allows to quickly shape curable liquids into a wide range of 
optical components, without the need for any mechanical processing.  
 The method is performed by injecting a curable liquid into a bounding frame 
submerged within an immiscible immersion liquid with equal (or nearly equal) density 
at which surface tension dominates. After the desired shape is obtained, the liquid can 
be cured to produce a solid object with nanometric surface quality.3,4 
We provide a complete theoretical framework for the minimum energy state of the 
interface of the liquids, resulting from the balance between hydrostatic, gravitational, 
and surface tension forces, and subjected to geometrical constraints. We describe the 
wide range of freeform surfaces that can be produced, and demonstrate the rapid 
fabrication of such elements, as well as measurements of the components’ shape and 
surface roughness.  

The method replaces mechanical processing, eliminating the dependence on heavy 
infrastructure, and provides new fabrication capabilities for both research and 
industrial applications. 

Figure 1: (a) Schematic illustration of the method. A  curable liquid is injected into a bounding 
frame submerged within an immiscible immersion liquid with nearly equal density. The shape 
of the liquid-liquid interface is determined by energy minimization. (b) The predicted freeform 
surface as obtained from the analytical solution. (c) A polymerized freeform component.  

a 
Faculty of Mechanical Engineering, Technion–Israel Institute of Technology, Israel 

1. Roeder, et al. Micromachines 10, 233 (2019).
2. Rolland. et al. Optica 8, 161 (2021).
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4. Elgarisi, et al. Optica 8, 1501 (2021).
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Dynamic shaping of thin liquid films by photo-actuated 
thermocapillary flow 

Jonathan Ericson1,†, Valeri Frumkin1,†,§, Ran Eshel1,†, Matan Nice1,  
Omer Luria1, Boris Ferdman2, Nadav Opatovski2, Khaled Gommed1, 

Maxim Shusteff3, Yoav Shechtman2, and Moran Bercovici1* 
The ability to arbitrarily control the topography of a thin liquid film can be beneficial 

for a range of applications, from optics to biology. Here we present a method that 
leverages projected light patterns as a mechanism for creating dynamic freeform 
deformations of a thin liquid film via the thermocapillary effect. We developed a closed-
form solution for the inverse problem of the thin-film equation, allowing to obtain the 
projection pattern required in order to achieve a desired topography. We experimentally 
implement the method using a computer controlled light projector, which illuminates 
any desired pattern onto the bottom of a fluidic chamber patterned with heat-absorbing 
metal pads. The resulting heat flux induces surface tension gradients in the liquid-air 
interface, giving rise to thermocapillary flow that deforms the liquid surface, reaching a 
new steady state in under a second. We measure the resulting deformations in real-time 
using a Shack Hartmann wavefront sensor, and perform closed-loop optimization on 
the projected light pattern to achieve the desired free-from shapes. Finally, if a polymer 
is used for the liquid film, it can be photocured to yield a solid device. Based on the 
inverse problem solutions and using this system, we demonstrate the fabrication of 
several diffractive optical elements. Moreover, modulating the projected light pattern in 
time allows to control the free surface dynamics, opening the door to thermocapillary-
based adaptive optics.  

Figure 1. Operational principle of the thermocapillary fluidic shaping method. 
(a) Schematic illustration of the experimental setup. (b) A desired illumination pattern is
projected onto the metal pads, which absorb the light and create a corresponding temperature
field. Heat is transferred from the pads, through the thin liquid layer and to the liquid-air
interface, leading to surface tension gradients that drive the thermocapillary effect. (c) Image of
the solidified polymer after exposure to UV illumination.

1Faculty of Mechanical Engineering, Technion, Haifa, 3200003 Israel 
2Department of Biomedical Engineering, Technion, Haifa, 3200003 Israel 
3Lawrence Livermore National Laboratory, 7000 East Ave, Livermore, CA 94550, USA 
§Current affiliation: Department of Mathematics, MIT Cambridge, MA, 02139, United States
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Dynamics of a thin liquid film in a finite domain 
Israel Gabaya, Vesna Bachevaa,b,  

Moran Bercovicia, Antonio Ramosc, Amir Gata 

The deformation of thin liquid films has been investigated for more than a 
century1, yet so far the simple case of a fluid contained within a finite domain (in 
contrast to infinite or period conditions) has not yet been addressed. Finite domains 
are particularly important, because the development of thin-film-based applications 
such as adaptive optics or reconfigurable microfluidics ultimately relies on finite 
configurations. Finite domains are characterized by a global mass conservation 
constraint, and the resulting boundary conditions yield a non-self-adjoint PDE. Thus, 
existing solutions for infinite domains cannot be directly applied. 

We here present a combined theoretical and experimental study of the dynamics of 
a thin liquid film in a finite domain subjected to a normal stress distribution at its 
liquid-air interface. We provide time-dependent analytical solutions for the linearized 
thin-film evolution equation, under the long wave approximation. We show that the 
nature of the solutions differs significantly from the case of an infinite domain, 
representing the physical constraint of mass conservation in the system. To validate 
the results, we developed a holography-based experimental setup that enables high 
frame-rate measurements of microscale deformations. We use this setup to investigate 
the deformation of a thin liquid film actuated by an array of electrodes imposing a 
dielectrophoretic (DEP) force on the interface2 (Fig 1a), showing excellent agreement 
with theory (Fig 1b,c). Although the DEP force in our system is always positive, the 
resulting deformation in the chamber is both positive and negative due to the mass 
conservation constraint. 

a
Faculty of Mechanical Engineering, Technion – Israel Institute of Technology, Haifa, Israel

b
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c Depto. Electronica y Electromagnetismo, Facultad de Fisica, Universidad de Sevilla, Sevilla, Spain 
1 Oron et al, Reviews of Modern Physics. 69, 931 (1997).
2 Gabay et al., Flow 1, (2021).

Figure 1: (a) Image of the microfluidic device consisting of a 4x4 mm chamber containing a 

50 um deep oil film resting on an array of DEP electrodes. (b,c) Comparison of the analytical 
solution (dashed line) and the experimental measurement (solid line) of the liquid height in the 
chamber at t=2 ms and t=3.5 s. High wavenumbers are associated with shorter time scales and 
are therefore visible immediately, whereas low wavenumbers take longer to develop.  
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Whirling instability of an eccentric coated fiber 

S. Eghbalia, L. Keiserb, E. Boujoa and F. Gallairea

We study the destabilization of a gravity-driven viscous flow coating a vertical 
cylindrical fiber. The destabilization of a liquid thread into a downward traveling train 
of beads along a fiber has been linked to the conjunction of the Rayleigh-Plateau and 
Kapitza instabilities in the limit of small Bond, Bo, where the surface tension
dominates over gravity. We focus on the limit of large Bo by means of experiments on
highly viscous silicone oils flowing down fibers, forming liquid threads centimetric in 
diameter, and linear stability analyses of inertialess flows (large Ohnesorge, Oh).
Relaxing the concentricity of the fiber and viscous thread, we show the existence of 
two unstable modes: pearl (P) and whirl (W) modes. The P mode represents 
asymmetric beads, whereas a helical interface forms around the thin fiber in the W 
mode instability. A detailed linear stability analysis of a unidirectional flow along a 
rigid eccentric fiber is conducted to determine the geometric and hydrodynamic 
thresholds of W mode instability. Additionally, an energy analysis is carried out in 
order to explain the physical mechanism leading into the interface whirl. This analysis 
reveals that despite the cost of surface energy, the asymmetric interface shear 
distribution, caused by fiber eccentricity, has the potential to sustain a whirling 
interface. In general, small fiber radius, α, and large eccentricity, Rec, tend to foster the

whirl mode instability (figure 1.a-b), while reducing Bo tends to favor the dominance
of the pirl mode instability (figure 1.a). Finally, we compare the predictions of the 
linear theory with the results of our experiments. Whirling structures are 
experimentally visualized, and the measured wavenumbers match the linear stability 
analysis predictions. 

Figure 1: (a) Pearl mode; (b) Bifurcation diagram of the unstable modes α vs Rec for fix Bo=50,
Oh→∞; (c) Whirl mode.
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Tuning the restitution coefficient of closed containers partially 
filled with water 

P. Gutiérreza, K. Andradeb, V. Salinasc, G. Castilloa, J. Catalánb,
L. Gordillob and J. Marínb

If we suddenly release an open container partially filled with water, a strong water 
jet emerges after the impact on the ground. However, Antkowiak et al.a1 showed 
that if the water surface remained perfectly flat during the fall, no jet formed at 
all. In this work, we further explore the influence of the shape of the water 
surface on the impact dynamics.  
We experimentally show that the water shape determines not only the jet 
formation but also the rebound of the whole system (container + water). We 
focused on closed containers to study the influence of the filling fraction, which 
is a relevant ingredient in bouncing spheres partially filled with grains and 
liquids b 2, c 3. We then developed a simplified model to describe the water-
container interaction and momentum transfer during impact, linking them to the 
restitution coefficient of the whole system. Understanding this effect allows us 
to tune the coefficient restitution of the system before its release. 

a Instituto de Ciencias de la Ingeniería, Universidad de O’Higgins, Rancagua, Chile. 
b Departamento de Física, Universidad de Santiago, Santiago, Chile. 
c Instituto de Ciencias Químicas Aplicadas, Facultad de Ingeniería, Universidad Autónoma de Chile, 
Santiago, Chile.  

1 Antkowiak et al., J. Fluid Mech. 577, 241 (2007).
2, Killian et al., Phys. Fluids 24, 122106 (2012).
3 Pacheco-Vázquez and Dorbolo, Sci. Rep. 3, 2158 (2013).
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Flow near a moving contact line: experiments and simulations 

Charul Guptaa, Anvesh Sangadia, Ambati Rajashekara, Anjishnu 
Choudhurya,b, Lakshmana Dora Chandralaa, Harish N Dixit*a 

We study the flow fields in the vicinity of a moving contact line using a combination of 
experiments and numerical simulations. According to the viscous theory of Huh & 
Scriven [1], the flow field in the vicinity of a moving contact line can be broadly divided 
into three categories (shown in figure 1a) depending on whether the interfacial velocity 
is moving towards, or away from the contact line, or is stationary. Consistent with the 

predictions of viscous theory, our low 𝑅𝑒 simulations indeed reveal that the observed 

flow patterns depend only on the viscosity ratio (𝜆 = 𝜇𝐴/𝜇𝐵) and dynamic contact 

angle (𝜃𝑑, measured in phase 𝐵), with 𝐴 and 𝐵 corresponding to the receding and 
advancing phases. Most of the earlier experimental observations of flow fields were 

restricted to 𝜃𝑑 > 90° such as the advancing tube experiments of Chen et al. [3] and 
were found to be broadly consistent with viscous theory. One exception is the study of 
Savelski et al. [3] who questioned the validity of viscous theory since the observed flow 
fields were opposite to the predictions of viscous theory. 

We revisit this classical problem by conducting careful PIV experiments in combination 

with moving interface simulations which reveal new flow fields for 𝜃𝑑 < 90°. We first 

perform low 𝑅𝑒 experiments and simulations to show that the criticism of Savelski et 
al. is unwarranted since most of their experiments fall in the inertial regime. But when 

𝑅𝑒 ∼ 𝑂(1), we find that the flow field disagrees with viscous theory, especially when 

𝜃𝑑 < 90°, an example of which is shown in figure 1b. Simulations with inertia reveal 
the presence of a stagnation point on the interface which resembles a split-streamline 
motion when viewed from a length scale much larger than the capillary length. Our 
findings suggest that inertia plays an important role, not just in altering the shape of the 
interface, but also in affecting the flow in the vicinity of a moving contact line. 

_______________________ 
*hdixit@mae.iith.ac.in
a Department of Mechanical & Aerospace Engineering, IIT Hyderabad
b Laboratory FAST, CNRS, Université Paris Saclay

1 Huh and Scriven, L. J. Coll. Interface Sci., 35(1), 85 (1971).
2 Chen et al., J. Fluid Mech., 337, 49 (1997).
3 Savelski et al., J. Coll. Interface Sci., 176, 117 (1995).

Figure 1: (a) Flow patterns from viscous theory of Huh & Scriven, (b) Flow field for an air-water 

interface showing split-streamline motion in water at 𝑹𝒆 = 𝟎. 𝟒𝟓 and 𝑪𝒂 = 𝟏. 𝟖𝟓 × 𝟏𝟎−𝟔.
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Experimental investigation of interface stability in reduced gravity 

Sesha N. C. Govindana and Michael Dreyera 

For long-range long-term space exploration missions, it is crucial to develop a concept 
to store and transfer propellants in orbit. An orbiting propellant depot can serve as a 
storage facility for the spacecrafts to dock and refill their tanks, before proceeding to 
their destination. In order to accomplish these goals, it is important to understand the 
physics of fluids in reduced gravity. A tank filled with liquid in normal gravity has a 
flat interface, with liquid staying below and gas at the top. Whereas in reduced gravity, 
the shape and position of the liquid interface inside a tank is unpredictable because of 
the dominance of the capillary forces. Knowing the stability criteria of the liquid 
interface during the filling of propellant tanks in reduced gravity will help in reducing 
the propellant loss and controlling the self-pressurization of the tanks.  

In this work, the stability of the liquid interface in microgravity is investigated by 
conducting isothermal experiments at the ZARM drop tower, which offers 9 seconds 
of microgravity time. The interaction of the liquid interface with an incoming liquid jet 
is observed for different volumetric inflow rates. A cylindrical tank of inner diameter 
60 mm and height 100 mm is filled with the storable test liquid HFE-7500 to an initial 
fill height of 30 mm. Once the experiment tank is subjected to microgravity, 
reorientation and axial sloshing of the liquid inside the tank takes place. After 3.5 
seconds in microgravity, the filling of liquid into the tank is initiated. Two types of 
filling methods are tested, namely the central filling and the lateral filling.  

To categorize the stability of interface, three regimes of subcritical, critical and 
supercritical flow are identified. These regimes can be scaled to a non-dimensional 
Weber number, which is the ratio between the stagnation pressure and the capillary 
pressure. The incoming jet does not penetrate the interface in the subcritical flow 
regime, whereas in the critical flow regime it penetrates the interface and forms a 
geyser. A continuously growing geyser, which moves towards the tank outlet with 
time, is observed in the supercritical flow regime. The geyser height is calculated for all 
the flow regimes and a critical Weber number is determined. These drop tower 
experiment results help in understanding the flow patterns during the filling of a pre-
filled tank in microgravity. Moreover, these results will also be useful in designing and 
planning an experiment on board the International Space Station.  

a
Department of Fluid Mechanics, Center of Applied Space Technology and Microgravity (ZARM) 

  Faculty of Production Engineering – Mechanical Engineering and Process Engineering,  
  University of Bremen, Am Fallturm 2, 28359 Bremen, Germany 
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Numerical simulations of non-Newtonian turbulent jets 

G. Soligoa and M. E. Rostia

Jets and puffs are an idealized setup of several natural and biological phenomena and 
industrial applications. One of the most striking examples, which recently became of 
major importance1,2,3, is the puff of air exhaled by an individual, which carries a huge 
number of minuscule droplets of biological fluid; the turbulent flow within the 
emitted flow of air strongly affects the mixing and the transport of these droplets4, 
with important consequences on pathogen transmission. Free shear flows of 
Newtonian fluid have received plenty of attention in the past, with several theoretical, 
numerical and experimental works available in the scientific literature. The aim of this 
work is to further extend such a detailed understanding to more complex flows, such 
as jets of non-Newtonian fluids. We perform direct numerical simulations of a non-
Newtonian turbulent round jet at moderate-high Reynolds number; an additional 
simulation of a Newtonian turbulent round jet is also performed as a reference. The 
non-Newtonian fluid is defined by the viscoelastic Oldroyd-B model, representative of 
fluids laden with polymers. We delve into the effect of the polymer relaxation time, 
here investigated in terms of the Weissenberg number (ratio of the polymer relaxation 
time over the flow time scale), on the classical jet statistics and on the turbulent flow. 
It has been observed that fluid elasticity plays an important role in destabilizing the 
flow and can induce considerable modifications in the resulting turbulent flow. 

Volume rendering of the Q-criterion; top panel Newtonian jet, bottom panel Oldroyd-B jet. 

a
Complex Fluids and Flows Unit, Okinawa Institute of Science and Technology Graduate 

University, Okinawa, Japan 
1 Mittal et al., Journal of Fluid Mechanics, 894, F2 (2020). 
2 Chong et al., Physical Review Letter, 126, 034502 (2021).
3 Wang et al., Proceedings of the National Academy of Sciences, 118(37), (2021).
4 Rosti et al., Physical Review Research, 3, 013091 (2021). 
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Euler-Euler two-fluid simulation of turbulent bubbly jet flows 

V.Kamblea,b, R.Rzehakb, J.Fröhlicha

A set of closure models for the Euler-Euler two-fluid framework that was previously 
established for bubbly flows, in a variety of different geometries comprising pipes, 
columns and stirred tanks by Rzehak et al. 2017 and Shi et al. 2018, is applied here to 
a turbulent bubbly jet. The closure models for momentum exchange comprise drag-, 
lift-, wall-, virtual mass-, and turbulent dispersion-forces. These closure relations were 
developed for flows in dilute regime. The turbulence in the liquid phase is calculated 
using the SST k-ω model with an additional source terms to consider the effects of 
bubble induced turbulence. The open-source Computational Fluid Dynamics (CFD) 
tool OpenFOAM is used to perform these simulations. 
Experimental data used for the validation of CFD models, are obtained from the 
previous work performed by Sun et al. 1986. In the experiment, a bubbly jet was 
injected from a round nozzle and was oriented in vertical upward direction into a still 
water tank. These data feature a comprehensive set of observables including mean 
phasic velocities, liquid turbulent kinetic energy, and gas fraction along profiles in axial 
and radial directions. Primarily, the value of the bubble sizes is reported, which is 
needed as an input to the closure relations.     
Closer to the nozzle region, results for the simulation are in good agreement with the 
measurement data along the axial and radial directions. However, at larger distances 
from the nozzle region, deviations are observed in the gas fraction. To improve the 
model, most likely the dispersion effects due to bubble-induced turbulence should be 
considered.  

a
Chair of Fluid Mechanics, Technical University Dresden, 01062 Dresden, Germany

b
Institute of Fluid Dynamics, Helmholtz-Zentrum Dresden-Rossendorf, Dresden 01238, Germany 

1 Rzehak et al., Chemical Engineering Science. 157, 147 (2017).
2 Shi et al., Chemical Engineering Science. 190, 419 (2018).
3 Sun et al., Int. J. Multiphase Flow. 12, 99 and 115 (1986).

Figure 1: (a) Gas phase velocity along the axial profile of the jet.  (b) Liquid phase velocity 

along the radial profile of the jet. 
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Evolution of a Laser-Induced Liquid Splash into a ''Bullet'' Jet: 
Formation and Potential Applications

J. M. Rosselló1, H. Reesea and C. D. Ohla

When a short but intense laser pulse is focused a few microns below the free surface 
of a liquid the rapid deposition of energy produces an explosive conical splash[1]. 
Interestingly, the later sealing of that canopy gives origin to a water bell[2] which 
collapses forming a particularly long liquid jet flowing into the liquid pool. As the 
liquid jet pierces the lower wall of the laser induced cavity it evolves into a slender and 
stable gas cavity in the liquid. Due to the resemblance of this phenomenon with that 
observed in free water entry experiments[3], e.g. the penetration of a projectile in a 
liquid, we refer to this kind of jet as “bullet jet”. The jet can reach speeds of up to 40 
m/s and travel distances of more than 15 times the maximum radius of initial laser 
induced cavity. The long lifetime of this so-called “bullet jets” as compared to 
conventional cavitation based jets, the alignment of the jet perpendicular to the free 
surface and the possibility to scale the phenomenon opens up potential applications 
when generated on small droplets or in shallow liquids. In this work, we first discuss 
the underlying mechanisms behind the jet’s formation by performing experiments. 
Those are followed by numerical simulations that give a quantitative and detailed 
explanation to the experimental observations. Additionally, we demonstrate the 
potential use of the bullet jets on applications like: the piercing of soft materials or 
micro-targeted cleaning.  

1
Department of Soft Matter, Institute of Physics & Faculty of Natural Sciences, Otto-von-Guericke 

Universität Magdeburg, Universitätplatz 2, 39108 Magdeburg, Germany.

Figure 1 (top) Bullet jet formation process. (below) Bullet jet internal structure from a high-speed video and 
CFD simulation. The images show the liquid jet inside the gas cavity. 
[1] Apitz, I. & Vogel, A. 2005. Applied Physics A 81 (2), 329–338.
[2] Clanet, C. 2007. Annual Review of Fluid Mechanics 39 (1), 469–496.
[3] Aristoff, J. M. & Bush, J. W. M. 2009. Journal of Fluid Mechanics 619 , 45–78.
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Fractal and Multifractal analysis of viscoelastic turbulent jets 

Adharsh Shankarana, K R Sreenivasa 

Entrainment and mixing characteristics of turbulent jets depend on their fractal 
nature. Characteristics of the Newtonian turbulent jet is well explored1,2; however, the 
same is not true for viscoelastic turbulent jets. In this regard, we report the behavior 
of Non-Newtonian viscoelastic turbulent round jets. The present study compares the 
features of fractal surfaces generated by cross-sections of turbulent viscoelastic jets 
with those of Newtonian jets. 

Experiments were performed by generating viscoelastic jets using a smooth 
converging nozzle. The Reynolds number based on nozzle diameter and nozzle exit 
velocity is higher than 1000. The viscoelastic solution is prepared by dissolving 5, 15, 
25, and 50 parts per million of hydrolyzed polyacrylamide in water. The jet flows into 
a tank of cross-section 125d x 125d and 200d in height(d is the diameter of the nozzle 
exit) filled with the same fluid. Top and front view PLIF were performed by adding 
rhodamine dye to the jet fluid. Mean velocity is derived from the flow control meter 
reading, and more refined measurements are made using PIV/LDV. 

The fractal nature of viscoelastic jets is studied using the images captured from the 
experiments. A box-counting algorithm is implemented on the sufficiently 
thresholded binary images to calculate the fractal dimensions. We report the fractal 
dimension variation with polymer concentration changes as the polymer solution 
changes from dilute to a more concentrated regime. The multifractal analysis is 
performed on the time series of the dye concentration field. 

Results show that the fractal dimension of the turbulent viscoelastic jet is smaller 
than the Newtonian jet at the same Reynolds number. Further results from fractal and 
multifractal analysis, and what they reveal about mixing and entrainment 
characteristics will be discussed during the presentation at the conference. 

Keywords: Fractals, Multifractals, Viscoelastic jet 

a
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2 Mistry et al., J. Fluid Mech. 802, 690 (2016) 
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Influence of turbulent inflow and nozzle-to-plate distance on the 
impinging jet and resulting heat transfer 

G. Camerlengoa and J. Sesterhenna

Impinging jets occur in various natural phenomena and engineering systems, where 
they predominately serve as very effective cooling devices1. Despite the broad interest 
impinging jets arouse, the physical mechanism governing the heat transfer through the 
plate is not yet fully understood, because it involves time and length scales that are 
hardly detected by experiments and not at all resolved by LES or RANS simulations. 
Conversely, the typical Reynolds numbers of relevant impinging-jets configurations 
are in a range that allows their analysis through direct numerical simulation (DNS) on 
modern supercomputers. 

We present a study of the round compressible impinging jet focusing on the ef-
fects of the turbulent inflow on the vortex dynamics and resulting heat transfer. When 
the inflow of the jet is laminar, Kelvin-Helmholtz instabilities can be typically ob-
served in the shear layer of the jet upstream of the impingement region. Such instabili-
ties generate primary vortices which break when reaching the impingement region and 
give rise to smaller secondary vortices. In the region over the plate where secondary 
vortices aggregate forming concentric vortex rings, very high temperature gradients 
occur, which lead to a relevant increase of the local mean heat flux through the plate2. 

By using DNS we observed that, for a nozzle-to-plate distance H/D = 5, where D
is the jet diameter, the turbulent inflow hinders the formation of the primary vortices 
and, hence, of the secondary vortex rings (see figure 1a). Therefore, a local increase of 
the mean heat flux through the plate cannot be detected. For H/D = 2, primary vorti-
ces do not clearly develop as well. However, secondary vortex rings occur near the 
impingement plate (see figure 1b), leading to local increase of the mean heat flux. By 
using dynamic mode decompositions (DMD) and statistical analysis of DNS data, we 
investigate the causes of this seemingly contradictory phenomenon. 

a Chair of Applied Mechanics and Fluid Mechanics, University of Bayreuth, Bayreuth, Germany 

1 Zuckerman and Lior, J. Heat Transfer 127, 5 (2005).

2 Wilke and Sesterhenn, J. Fluid Mech. 825 (2017).

Figure 1: Turbulent structures highlighted through the contours of the second invariant of the 
instantaneous velocity gradient tensor Q on a plane passing through the jet axis for a Mach

number M  0.8 and a Reynolds number Re  8000: (a) H/D = 5; (b) H/D = 2.

606



A numerical investigation into the influence of wall temperature on 
the mixing characteristics of jets in hypersonic crossflows 

H. Rowtona, P. Medwella and R. China

To both enhance the performance and reduce the emissions rates of scramjet 
engines, efficient mixing in low temperature flows is required1. This paper presents the 
numerical modelling of a flush wall jet injected into a hypersonic crossflow with 
parametrisation of the wall temperature; with the aim to understand the influence of 
the wall temperature on the dynamic interaction between the jet and crossflow, 
focusing on the rate and degree of mixing between the two streams. Implicit large 
eddy simulations (LES) were employed to model the fluid interaction of a sonic jet 
injected from a round orifice into a Mach 5 crossflow with a constant momentum flux 
ratio—ratio of momentum change rates between the jet and crossflow—of 5.3. 
Lagrangian particle simulations were also performed as a post-process analysis of the 
LES velocity fields to measure jet fluid concentrations. The results were validated 
against the literature with close similarity demonstrated. Three uniform wall 
temperatures of 200K (Case C), 320K (Case I) & 500K (Case H) were studied. It was 
found that lower temperatures resulted in reduced mixing area and jet penetration as 
demonstrated in Figure 1 (a) and (b) respectively. The reduced jet penetration for 
lower wall temperatures was attributed to the lower effective local momentum flux 
ratio. Additionally, the increasing jet trajectory penetration height and decreasing 
plume mixing area in the leeward side were connected to the separation of the 
counter-rotating vortex pair (CVP) from the lower wall; where the CVP begins to 
dominate the plume cross-section by the entrainment of the wind-side jet fluid around 
the edges and into the centre of the plume. Alternating configurations for Cases C and 
H have also been simulated to assess the delay between changing temperature and jet 
augmentation. Additional mixing metric analysis is also underway to further categorise 
the temperature influence on the mixing efficacy of jets in hypersonic crossflows. 

(a) (b) 
Figure 1: (a) Case comparison for mixing area, and (b) jet penetration assessed from the jet 
plume wind-side lower 1% mixing concentration threshold 
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Surfactant-induced Marangoni effects in turbulent jets

Lyes Kahouadji1∗, Cristian R. Constante-Amores2, and Omar K. Matar1

1 Imperial College London, South Kensington Campus, London SW7 2AZ, UK,
2University of Wisconsin-Madison, Madison, Wisconsin 53706-1691, USA

∗l.kahouadji@imperial.ac.uk

Key Words: Multiphase jet flows, Atomization, Drop size distribution, Surfactant

surface-active-agents (surfactants) can be present in many multiphase flows either as undesirable con-
taminants or desirable additives. Gradients in interfacial surfactant concentration generates surfactant
tension gradients and therefore Marangoni stresses. Here, we study the effect of surfactant on the com-
plex interfacial dynamics associated with a turbulent jet [1, 2]. We use three-dimensional direct numer-
ical simulations and a hybrid front-tracking/level-set method[1] to capture the dynamics of the complex
topological changes in this flow. The numerical method allows the natural tracking of the concentration
of interfacial surfactant species and the faithful modelling of its spatio-temporal evolution. Our model
also accounts for surfactant solubility and bulk-interface mass exchange. We perform a parametric study
of the effect of surfactant properties on the dynamics. The effect of Marangoni stresses is analysed in
terms of the mechanisms giving rise to droplet size distributions depending on the surfactant elasticity
number. An attempt to understand the interaction between the observed vortical structures accompanying
the flow and the regions of elevated surfactant concentration will also be presented.

Acknowledgements: This work is supported by the EPSRC MEMPHIS (EP/K003976/1) and PRE-
MIERE (EP/T000414/1) Programme Grants. The authors thank BP, EPSRC, PETRONAS, and the
Royal Academy of Engineering (Research Chair in Multiphase Fluid Dynamics for OKM) for fund-
ing. The contribution of S. Shin, D. Juric, and J. Chergui to the numerical methods is also gratefully
acknowledged.
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Formation and evolution of swirling vortex rings 

R. Ortegaa, L. Gana, P. H Gaskella

The formation process of swirling vortex rings is investigated via Large Eddy 
Simulation (LES), using OpenFOAM, focussing on their evolution for flows which 
can be realistically generated in a laboratory by the solid-body rotation of a fluid jet 
emerging into a large stationary fluid bulk. Six different swirl numbers were 
considered (S= 0, 1/4, 1/2, 3/4, 7/8, and 1) and two inlet boundary conditions 
(orifice and nozzle); the corresponding Reynolds number is 2500. In previous 
numerical studies1, the effect of swirl was investigated by superposing idealised 
Gaussian azimuthal velocity profiles on to well-formed isolated non-swirling Gaussian 
vortex rings. Good agreement is obtained with earlier work1,2,3: that there is a decrease 
in the self-propagation velocity and a faster growth of vortex ring radius with 
increased swirl strength. However, our results suggest the formation process to be 
only weakly related to the magnitude of the azimuthal velocity in the vortex ring and 
governed instead by the effect of vortex breakdown in the trailing swirling jet. A key 
consequence is that significant negative azimuthal vorticity exists around the primary 
vortex ring core. Contrary to the Dean effect, Cheng M et al.1, being the source of 
negative vorticity, it originates from the viscous stress between the primary vortex 
flow and its surroundings. Finally, the formation number is found to decrease with 
increased swirl in a nearly linear manner, in line with the experimental finding in He 
et. Al2. These results suggest that the observed decrease in formation number is 
related to the evolving instability intensity in the trailing jet shear layer, promoted by 
the swirl, which reduces the flux of vorticity feeding the primary ring. 
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1 Cheng, M., Lou, J. & Lim, T., Phys. Fluids. 22 097101 (2010)
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Figure 1:  Contour plot of the azimuthal vorticity a) S=0 and b) S=1. Region A highlights the 
formation of a secondary vortex, B the negative vorticity and C the effect of the vortex 
breakdown.   
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From single jets to sprays: how to create more monodisperse 
sprays and how to control them 

A. C. N. Parrenina, Stefan Kooija and Daniel Bonna

The size and speed of droplets in sprays are the two main parameters to control to 
obtain an adequate spray. We use mechanical vibrations to stimulate the Rayleigh 
breakup in a single jet, in order to modify the size of the droplets formed, and 
investigate the size and the trajectories followed by the emerging droplet train. We 
find that perturbing the jet with a frequency in the right range leads to a very stable 
droplet train, with precisely controlled droplet radius and inter-droplet distance. By 
changing the flow rate and excitation frequency, we can tune the drop size and 
wavelength of the droplet train. Furthermore, we investigate the ballistic trajectory 
followed by the droplets in order to gather information on the distance the droplets 
travel through the air. We find that the slipstreaming in the droplet train drastically 
decreases the friction with the air compared to a single droplet1. In addition, the 
difference between a mechanically controlled and spontaneous breakup is very small, 
implying that drop coalescence (that is very frequent for the spontaneous breakup) 
does not play a major role. We also investigate the size distribution of the droplets 
along the trajectory to understand to what extent the train can be seen as 
monodisperse. We then apply this to multiple jets in order to produce sprays from 
initially monodisperse droplets, and how it affects the droplet size further away. 
Finally, we capture the whole spray behavior with a camera and look into the 
behaviour of the spray cloud.  

1mm 
Figure 1: 8 jets of 16μm diameter spraying from a nozzle at 10m/s. The top one is non 
perturbed, and the others are perturbed at 41, 81 and 121 kHz from top to bottom 
respectivelly to obtain monodisperse droplet. 
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Building up a turbulent jet from homogeneous turbulence 

B. Viggianoa, T. Bassetb, L. Chevillardb, R. Volkb,
C. Meneveauc, M. Bourgoinb and R. B. Cala

A Lagrangian model is proposed to construct a turbulent jet, with the ability to capture 
intermittency, using self-similarity principles inspired by Batchelor1. The original 
methods of Batchelor1 provide techniques to extend Lagrangian theory of turbulent 
diffusion by Taylor2 to inhomogeneous flow fields (instationary Lagrangian flows), but 
in transforming these relations, a turbulent jet can be modelled from an ensemble of 
homogeneous, isotropic, stationary, turbulent velocity signals. This is achieved through 
compensation of the Lagrangian velocity and the time step of the trajectory to account 
for the decay of background Eulerian turbulent fluctuations and to address the 
evolution of temporal Eulerian background properties, respectively. The 
transformation is performed on the initial stationary signals, shown in figure 1(a), to 
create a turbulent jet, a subset of the modelled trajectories is provided in figure 1(b).  To 
validate the model, experimental jet data is provided, a subset of its trajectories are 
presented in figure 1(c) where qualitatively, there is good agreement between the 
modelled and experimental jet. Furthermore, the statistics of the experimental and 
modelled data are compared at four downstream locations along the centreline of the 
jet. Results of the two datasets show good agreement for Eulerian and Lagrangian 
statistics. Special attention is paid to the probability density functions of the velocity 
increments to validate the ability of the model to reproduce Lagrangian intermittency. 
Remarkable agreement is observed.  
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Figure 1: (a) Homogeneous isotropic and stationary signal. (b) Modelled velocity trajectories of 

the jet. (c) Experimental velocity trajectories.  
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Experimental study of circular and rectangular water plunging jet 

Giorgio Moscatoa, Giovanni Paolo Romanoa 

Water plunging jets are typically encountered in many industrial and civil applications, 
but also in natural processes like waterfalls and rivers self-purification. One of the 
main features of plunging jets is connected to their mixing ability, which is greater 
than free jets due to a higher exchange of momentum1. So far, the study of this class 
of jet flows is relevant both from application and a fundamental research point of 
view. To date, literature on plunging jets is somewhat limited only to specific aspects 
as quantification of air bubbles entrainment and to vertical impact configuration. 
 In this work we study the topology, mixing properties, turbulence quantities, 
dependence on the outlet geometry of a sharp-edged orifice plunging jet which first 
issues horizontally in air and then plunges in a water pool. The investigated orifices 
shapes are circular and rectangular. Data are acquired at different Reynolds numbers 
in the range 11000÷25000, based on the orifice diameter (equal to 2 cm) and on the 
average exit velocity, as derived from flow rate measurements. A planar time-resolved 
PIV technique is implemented to derive the velocity field of the jets in planes parallel 
and cross to their axis. 
 The results show a clear asymmetry of the cross-velocity profiles also in the 
circular case, especially at low flow rates, while for the rectangular jet and high 
Reynolds numbers a double-jet like behaviour is observed (Figure 1-a). The two shear 
layers evolve differently, with a more intense turbulence production in the upper one, 
while the lower seems to spread out more in the circular case. Ambient mass 
entrainment and axial velocity decays suggest a more three-dimensional behaviour of 
the rectangular jet than the circular one, which is ascribed to the axis-switching 
phenomenon and it’s further investigated in cross planes (Figure 1-b). 
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Dept. Mechanical & Aerospace Engineering, University La Sapienza, 18 Eudossiana Str., Rome, 

Italy 
1 Hassan et al., Phys. Rev. Fluids 4, 104603 (2009).

Figure 1: (a) Vertical plane view of the mean velocity magnitude field for a rectangular jet 

at Re25000; the white row indicates the flow main direction. (b) Cross plane view of the 

mean u-component field for a rectangular jet at Re20000 (dashed white line in (a)). 
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Experimental and numerical investigation of turbulent impinging 
jets on rough surfaces 

T. Häbera, S. Schulza,b, F. Secchic, D. Gattic, D. Trimisb, B. Frohnapfelc,
R. Suntza

We present particle imaging velocimetry (PIV) and direct numerical simulations (DNS) 
of a circular turbulent jet (Re = 104) impinging on rough walls and provide a direct 
comparison of the mean flow fields and statistics in the wall-near region. 3D printing 
technology is used to produce rough surfaces that exhibit very similar statistical surface 
properties in both experiment and simulation. The rough surfaces have a random 
structure with a Gaussian probability density function for the surface height and a power 
spectrum corresponding to a realistic rough surface.1 In the simulations the same 
surfaces are resolved using the immersed boundary method (IBM), which has been 
validated before on similar systems.2 

Local surface structures have a strong influence on the local flow field both directly 
above the surface and downstream from these structures. Therefore, averaging of the 
flow field is required not only in time, but also in the circumferential direction. The 
experiments use high spatial resolution, which is smaller than the characteristic size of 
the roughness elements. Placing the PIV camera in Scheimpflug orientation allows us 
to obtain velocity fields very close to the wall and partially between the surface elements. 
This permits a unique comparison between experiment and simulation almost down to 
the average surface height and thus well within the flow region directly affected by the 
IBM method. As an example, Figure 1 shows the variance of the radial velocity close to 
a rough surface. Simulation and experiment capture the same overall shape of the mean 
flow structure and statistics. The PIV measurements even reproduce the increase in 
turbulence very close to the rough surface, both in magnitude and spatial extend. 
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2 Secchi et al., GAMM Mitteilungen, Special Issue „DNS of Turbulent Flow“, in press (2022)

Figure 1: Normalized variance of the radial velocity close to a rough surface. 
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Development of algorithm for creating device forming submerged 
jet with required instability characteristics 

A. Spasovaa, J. Zaykob

Earlier we studied linear instability of a round submerged jet1 formed by a special 
device2. Depending on the velocity profile, the jet formed by such device2 has long 
laminar region1,2 or can be absolutely unstable without the counterflow3 (note that for 
‘classical’ velocity profiles the presence of the counterflow is necessary for the 
absolute instability4,5). By influencing the velocity profile, it is possible to drive the jet 
stability. Note that jets with long laminar regions and, v.v., jets that become turbulent 
immediately at the exit of the nozzle are of interest in applications. 

In this study, we develop an algorithm for finding the shape of the diffuser 
geometry that forms a predetermined jet velocity profile or provides optimal (in the 
class of jets formed by devices of a specified configuration) instability characteristics 
of the resulting jet. The search algorithm for the required shape of the diffuser 
channel wall is realized by a code written in Python (see an example in Fig. 1). The 
geometry of the diffuser channel is set parametrically as a sixth-degree polynomial. 
The scheme of the algorithm is as follows: a) we calculate the laminar flow in the 
forming device by the finite volume method and obtain a jet velocity profile at the 
diffuser outlet; b) the optimization function is calculated; c) we use the gradient 
descent method to minimize the functional; d) in accordance with the calculated 
gradient in the space of the channel wall parameters, we change the geometry and the 
computational grid used in the calculation of the flow in the forming device. We can 
choose the characteristics of linear instability or the difference between the velocity 
profile and the predetermined one, as the function to be minimized.  

The work is supported by grant MK-4090.2022.4. 

a,b
Institute of Mechanics, Lomonosov Moscow State University, 1 Michurinskii pr., Moscow, Russia 

1 Gareev et al., J. Fluid Mech. 934, A3 (2022).
2 Zayko et al., Phys. Fluids 30, 043603 (2018).
3 Vedeneev and Zayko, J. Phys.:Conf. Ser. 1129, 012037 (2018).
4 Huerre and Monkewitz, J. Fluid Mech. 159, 151 (1985).
5 Abid et al., Eur. J. Mech. B/Fluids 12(5), 683 (1993).

Figure 1:. (a) Diffuser channel profiles. (b) Corresponding velocity profiles. z, r are the 

dimensionless coordinates along the jet axis and radius, respectively; u is the dimensionless 
longitudinal jet velocity.  
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Self-similarity in the radial wall jet region of a turbulent impinging 
jet with surface roughness

F. Secchia, D. Gattia and B. Frohnapfela

Direct numerical simulations (DNS) of turbulent jets impinging on smooth and 
rough surfaces are presented in this study. The DNS are performed using the spectral 
element code Nek50001 and random roughness on the impingement plate is introduced 
using an immersed boundary method. The numerical framework has been validated 
against reference numerical and experimental data for turbulent jets impinging on 
smooth and rough surfaces2. A free jet issues from a fully developed turbulent pipe flow 
at Reynolds number Re=10000. The impingement of the free jet with the solid wall 
deflects the flow and determines the development of a radial wall jet along the plate. An 
inner and an outer layer constitute the structure of the wall jet3. The two layers are 
characterized by distinct characteristic length and velocity scales. Within the present 
DNS framework, the joint effect of low local Reynolds numbers and the presence of 
surface roughness undermine the possibility of observing self-similarity between mean 

radial velocity profiles at different radial locations4. The viscous units uτ and δν are used 
as characteristic physical units to scale the mean radial velocity profiles in the inner layer 
of the wall jet; likewise, the maximum radial velocity um and its wall-normal location zm 
are used as outer layer scales. It is shown that self-similarity of outer units scaled mean 
radial velocity is marginally affected by the addressed roughness topographies. 
Conversely, inner units scaled mean radial velocity profiles show significant scatter, as 
the observed roughness sub-layer extends up to the outer layer of the wall jet. 

a
Institute of Fluid Mechanics, Karlsruhe Institute of Technology, Kaiserstr. 10, 76131 Karlsruhe, Baden-

Württemberg, Germany.
1 Fisher et al., NEK5000 v19.0.  http://nek5000.mcs.anl.gov A.N.L. Illinois (2020). 
2 Secchi et al., GAMM Mitteilungen, Special Issue „DNS of Turbulent Flow“ (2022) 
3 Launder and Rodi, Annual Rev. of Fluid Mech. 15, 429 (1983). 
4 Banyassady et al., J. of Turb. 16, 460 (2015). 

Figure 1: Mean radial velocity profiles in the wall jet region in the range of radial distances 
2<r/D<5. (A) Outer units scaling; (B) Inner units scaling. Blue curve, smooth plate; Red curve, 

rough plate.
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Two-phase flow simulations of an oil jet impinging on a heated flat 
plate using a conjugate heat transfer approach 

A. Poubeaua, G. Vinaya, B. Kekeliab, K. Bennionb

The widespread adoption of electric vehicles raises the need for more compact electric 
machines, with increasing power density. Thermal management of these machines is 
critical as some components, such as magnets and windings, are prone to irreversible 
damage under high temperatures. Direct cooling of electric machines using oil jets is a 
promising approach, as it allows high heat flux removal from active parts1,2. In this 
context, this study proposes 3D simulations of oil jets impinging on a flat, heated 
copper target. The two-phase flow is modelled using the Volume of Fluid approach. A 
full coupling with conduction in the solid target (Conjugate Heat Transfer approach), 
along with a fine grid resolution in the flow at the wall, ensures an accurate prediction 
of local heat transfer. Over 20 cases were run, with variations of oil temperature, 
liquid flow rate and targeted surface temperature. Resulting surface-averaged heat 
transfer compares very well with experimental measurements3, as shown in Fig. 1. 
Local characteristics of the flow and heat transfer are analysed and prove to be 
consistent with knowledge from the literature for high Prandtl number impinging jets. 
The impact of the flow resolution in the nozzle on the jet axial velocity profiles and 
on the heat transfer distribution in the stagnation zone is clearly stated. The increase 
in heat transfer for higher oil temperatures, observed experimentally, is also 
reproduced numerically. Finally, a grid sensitivity study was conducted, showing the 
need for a fine grid at the wall to solve the thin thermal boundary layer (inherent to 
the high Prandtl number of the oil) and accuratly predict heat transfer. 

a IFP Energies Nouvelles, 1-4 av. de Bois-Préau, 92500 Rueil-Malmaison, FRANCE 
b National Renewable Energy Laboratory, 15013 Denver West Parkway, Golden, CO 80401, USA 
1 Liu et al., IEEE Transactions on Industrial Electronics 67 (9) (2020)
2 Sindjui et al., J. of Thermal Science and Engineering Applications 14 (5) (2021)
3 Kekelia et al., Proceedings of the ASME InterPack conference, IPACK2019-6457 (2019)

Figure 1: Comparison of the average Nusselt number from experimental and numerical 

results for various Re numbers and two targeted surface temperatures (Ts = 90°C and 120°C) 
at impinging fluid temperature of Toil = 50°C. 
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An experimental setup for achieving exceptionally high critical 
Reynolds number for laminar jets  

Neelakash Biswasa,c, Sandeep Sahaa and Debopam Dasb 

The critical Reynolds number, Rec, predicted by linear stability theory is 37.68 for 

round jets1 (Re=UavD/𝛎, where D, Uav, 𝛎 denote nozzle diameter, average exit 
velocity and kinematic viscosity respectively). However, experimental investigations 
are yet to yield a concordant Rec. For instance, Viilu2 reported Rec~11 whereas, 
Reynolds3 reported the existence of long laminar jets for Re<150, whose length 
decreased gradually as Re approached 300; thereupon `confused breakdown' ensued 
close to the exit (~100D). Such discrepancy in Rec and jet breakdown-length reported 
in different experiments signify that the jets remain laminar for long distances at high 
Re depending upon the disturbance environment akin to pipe flows4. A novel, low-
disturbance-environment water jet setup (Fig 1a) is used, where a horizontal jet is 
discharged into a large tank with an overflow chamber to prevent mass accumulation, 
thus, eliminating back-pressure fluctuations and recirculation. A Mariotte bottle 
arrangement ensured a constant head discharge. Inlet disturbances were suppressed 
using a settling chamber consisting of a sponge and a bell-mouthed nozzle entry. A 
nozzle length to diameter ratio of 300-450 ensured the parabolic profile at the highest 
Re considered. We observe laminar jets up to 1000D, even at Re~500. Consequently, 
we are able to explore the far-field structures (Fig 1b) that were hitherto unknown and 
uncharacteristic of transitional round jets. The observation of puff-like structures in 
supercritical laminar jets is profoundly relevant to investigations by Tuckermann5 who 
report that numerical simulations in a large domain capture new structures in 
transition to turbulence similar to the large test section in our experiments. 

Fig 1.(a) Experimental Setup (b) Neutral curve with novel puff like structures 
_______________________________________ 
a Department of Aerospace Engineering, IIT Kharagpur, Kharagpur, West Bengal - 721302, India 
b Department of Aerospace Engineering, IIT Kanpur, Kanpur, Uttar Pradesh - 208016, India 
c Department of Aeronautical Engineering, Imperial College London,  SW7 2AZ, London UK 

1. Batchelor, G.K. and Gill, A., Journal of fluid mechanics, 14(4), 529 (1962).
2. Viilu, A., 1962. J. Appl. Mech. Sep, 29(3): 506 (1962).
3. Reynolds, A.J., Journal of Fluid Mechanics, 14(4), 552 (1962).
4. Mullin, T., Annual Review of Fluid Mechanics, 43, 1 (2011).
5. Tuckerman, L.S., et al., Annual Review of Fluid Mechanics, 52, 343 (2020).
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Optimal Control tools to minimize dispersion in chaotic flows 

C. Calascibettaa, L. Biferalea, F. Borrab, A. Celanic, M. Cencinid

We develop optimal and quasi-optimal strategies to control Lagrangian objects 
navigating in 2d stochastic and turbulent flows. We consider the problem of 
minimizing the dispersion rate of a couple of autonomous explorers moving into the 
complex fluid environment. Starting from the optimal solutions derived in control 
theory, we find approximated solutions that could be applied also under less restrictive 
conditions as, e.g., in the presence of partial observability. We compare hard-wired 
policies resulting from different approximated solutions of the optimal control theory 
against strategies obtained by data-driven tools based on Reinforcement Learning.  

This project has received funding from the European Research Council (ERC) 
under the European Union’s Horizon 2020 research and innovation programme 
(Grant Agreement No. 882340). 

a
 Dep. of Physics, University of Rome Tor Vergata, Rome, 00133, Italy 

b 
Dep. of Physics, University of Rome Sapienza, Rome, 00185, Italy. Currently LPENS, CNRS Paris. 

c
The Abdus Salam International Centre for Theoretical Physics, ICTP, Trieste, 34151, Italy

d
Istituto dei Sistemi Complessi, CNR; Rome, 00185, Italy
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Data-based compact models for scalar transport in reoriented flows 

M.F.M. Speetjensa, R. Lensvelta, H. Nijmeijera

Transport of scalar quantities (e.g. heat or chemical species) in laminar flows is key to 
many industrial activities and stirring of the fluid by a forcing device (e.g. sliding walls 
or impellers) is a conventional way to enhance this process. Such stirring typically 
involves switching between multiple forcing devices and in laminar flows thus accom-
plishes systematic reorientation of a base flow. Switching customarily occurs in a pre-
defined way via e.g. sequential activation of multiple impellers yet this is potentially 
sub-optimal. Pro-active switching by model-predictive control (MPC) namely can 

dramatically improve performance of transport processes in said flows.b However, 

essential for practicable MPC is a model for the scalar evolution in the base flow that 
(i) is computationally fast and efficient and (ii) admits construction from standard CFD
or experimental data. Such data-based modelling is demonstrated for the convective
heating of a fluid via a hot non-adiabatic boundary in a representative flow driven by
sliding wall segments. The model relies on Dynamic-Mode Decompositionc of CFD
temperature data for the base flow and in its conventional form involves identifying
the full set of dynamic modes from simulated temperature evolutions of all possible
initial states. However, this is an intractable problem, since the number of initial states
(“input space”) and the spatial distribution of evolving states (“state space”) each have
O(105-106) degrees of freedom (DOFs) for standard CFD. The solution exists in data
and model reduction by projection of initial and evolving states on suitable orthogonal
bases. This dramatically reduces the input and state spaces to O(102) and O(103-104)
DOFs, respectively, and thus makes the data-based modelling practicable. Compact
models obtained with the proposed method accurately predict the temperature for
arbitrary switching protocols, as demonstrated by the close agreement between an
actual temperature evolution (Fig. 1a) and its prediction (Fig. 1b). These model
predictions furthermore are fast and efficient and thereby pave the way to MPC.

   a)                                                                           b) 

Figure 1: Convective heating in circulatory flow in circular domain driven by switching sliding 

walls (arrows): (a) consecutive snapshots of evolution of actual temperature field determined by 
CFD (red: hot; blue: cold); (b) snapshots of predicted temperature by compact model.  

a
Mech. Engng, Eindhoven University of Technology, PO Box 513, 5600 MB, The Netherlands

b
R. Lensvelt, M.F.M Speetjens, H. Nijmeijer, Proc. 5th Thermal Fluids Engng Conf. (TFEC) 2020.

c
Kutz et al., Dynamic Mode Decomposition, SIAM (2016).
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Flow prediction and reconstruction behind cylinder arrays by echo 
state networks 

M. Sharifi Ghazijahania, F. Heydera, J. Schumachera,b and C. Cierpkaa

The prediction, reconstruction, or modelling of turbulent flows is one of the aims that 
can be achieved by the application of ML algorithms to flow data. Recurrent machine 
learning models describe flows without solving the complex underlying equations1. In 
this regard, an echo state network (ESN) was applied recently to the flow behind a 
cylinder to predict successfully this benchmark flow statistically and deterministically2. 
A next step is to apply similar ESNs to a more complex flow to assess the capabilities 
of ML algorithms for turbulent flow prediction and reconstruction. In this respect, the 
flow over an array of cylinders is rich in terms of the flow patterns that form based on 
the geometry and arrangement of the array as well as the Reynolds numbers (Re). 

Therefore, as shown in Figure 1, arrangements of seven cylinders, four in the front 
and three in the rear are placed inside a water channel. The velocity field behind them 
is measured by Particle Image Velocimetry (PIV). The Vertical (V) and Horizontal (H) 
distances between the cylinders were varied to have nine different arrangements of the 
cylinders in total. The experimental data will show the variations in fluid patterns 
behind the cylinders depending on V, H, and Re. Subsequently, the data will be 
reduced by proper orthogonal decomposition (POD), and the ESN will be trained to 
predict the time coefficients of the POD modes. This will show to which extent ESNs 
can predict our example flow and suggest possible ways to improve their architecture. 

a
Institute of Thermodynamics and Fluid Mechanics, Technische Universität Ilmenau, 

D-98684 Ilmenau, Germany
b

Tandon School of Engineering, New York University, New York, NY 11201, USA 
1  F. Heyder and J. Schumacher, Phys. Rev. E. 103, 053107 (2021).
2  M. Sharifi Ghazijahani et al., 28th Fachtagung Experimentelle Strömungsmechanik (2021).

Figure 1: A schematic sketch of the arrangement of the cylinders in the flow. In total, there 

are nine different sets of cylinders, with V = 2, 4, 6 mm, and H = 2, 4, 8 mm. 

623



Deep learning fluid flow reconstruction around arbitrary two-
dimensional objects from sparse sensors using conformal 

mappings

Ali Girayhan Özbaya and Sylvain Laizeta 

Deep neural network (DNN) based flow reconstruction (FR) from sparse sensors is 
attracting strong research interest, owing to DNNs’ ability to replicate high 
dimensional relationships. Trained on a single flow case for a given (or over a reduced 
range of) Reynolds numbers, these models are not able to handle fluid flows around 
different objects without re-training. In this work, we propose the Spatial Multi-
Geometry FR (SMGFR) task for reconstructing fluid flows around different 2D 
objects without re-training, using a conformal mapping approach to achieve geometry 
invariance. Our mapping approach improves percentage errors by up to 15% in 
SMGFR when compared to a more conventional approach where the models are 
trained on a Cartesian grid. Additionally, SMGFR is extended to predictions of 
snapshots in the future, introducing the Spatio-temporal MGFR (STMGFR) task. For 
this spatio-temporal reconstruction task, a novel approach is developed involving 
splitting DNNs into a spatial and a temporal component. Our results demonstrate 
that this approach is able to reproduce, in time and in space, the main features of a 
fluid flow around arbitrary objects. 

The figure below displays an example of spatial-only reconstruction using our method 
(left) on a validation snapshot (geometry not encountered by the model during 
training), compared against the ground truth snapshot (middle), and the 
corresponding error map (right) 

a
Turbulence Simulation Group, Dept. of Aeronautics, Imperial College London
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Data reconstruction of turbulent flows with Gappy POD and 
Generative Adversarial Networks 

T. Lia, 2nd M. Buzzicottib, 3rd L. Biferaleb, 4th M. Wana and 5th S. Chena

How to improve data assimilation of turbulent flows is an open question in different 
fields, from geophysics and astrophysics to several engineering applications. 
Difficulties of filling the missing data mainly depend on two factors: the complexity of 
the data and the large spatio-temporal sparsity of typical measurements. In this work 
we present a comparative study between Gappy POD and Deep Generative 
Adversarial Network (GAN) for the reconstruction of a turbulent flow in the 
presence of rotation1,2. Results show that GAN reconstruction has smaller L2 error 
than Gappy POD when large fractions of the observed field are missing. In this 
extreme situation, not only the L2 error is smaller, but also the turbulent statistical 
properties of higher-order observables are reproduced much better by the GAN 
reconstruction. As we show, this can be explained by the presence of adversarial loss 
during the GAN training. This work is supported from the ERC under the European 
Union’s Horizon 2020 programme (grant agreement No. 882340). 

a
Dep. Mechanics and Aerospace Engineering, Southern University of Science and Technology, 

Shenzhen, Guangdong 518055, China
b

Dep. Physics and INFN, University of Rome “Tor Vergata”, Via della Ricerca Scientifica 1, 00133, 

Rome, Italy 
1 Buzzicotti et al., Phys. Rev. Fluids. 6, 050503 (2021).
2 Li et al. (in preperation). 

Figure 1: Reconstructions from Gappy POD and GAN for one square gap and random 

gappiness. 
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Towards Predicting Dynamic Stall using Machine Learning Tools 

E. Saettaa, R. Tognaccinia and G. Iaccarinob

Aerodynamic stall is a critical performance metric for fixed-wing aircrafts and a 
decidedly non-linear phenomenon dominated by flow separation and unsteadiness. 
The physical picture is further complicated for rotorcrafts. The cyclic nature of the 
flow impacting the rotor blade results in hysteresis of the aerodynamic forces 
generated: the dynamic stall. Semi-empirical models which blend theory and 
observations remain common to understand the aerodynamic performance of stalled 
airfoils1. Developments in statistical inference and data science have enabled the 
deployment of sophisticated data-driven models in a variety of fields lacking 
theoretical foundations, such as computer vision and language processing. Recently, 
data-driven models have been applied to fluid mechanics problems2,3, mainly to 
accelerate the solution process or to improve the accuracy of numerical simulations. 

The objective of this work is to develop a convolutional autoencoder (a deep-
learning algorithm for dimensionality reduction)4 to investigate the aerodynamic 
performance of a pitching airfoil under dynamic stall conditions. Our main goal is to 
analyse the latent variables extracted by the encoder to investigate their connection to 
the underlying physics of the dynamic stall phenomenon. In other words, is it possible 
to replace classical semi-empirical methods with a data-driven model based on a 
physics-informed latent-variable representation? 

We investigated the VR-12 airfoil, designed for rotorcraft, and widely investigated 
by CFD and experiments5. Interpretability of the autoencoder reconstruction is of 
primary interest to enable the development of credible data-driven models. A very 
preliminary representation of the latent variables is reported in Figure 1. 

a
Dep. Industrial Engineering, University of Naples Federico II, Naples 80125, Italy

b
Dep. Mechanical Engineering, Stanford University, Stanford, CA 94305, USA 

1 Leishman and Beddoes, J. American Helicopter Society. 34, 3 (1989).
2 Brunton et al., Annual Review of Fluid Mechanics. 52, 477 (2020).
3 Duraisamy et al., Annual Review of Fluid Mechanics. 51, 357 (2019).
4 Lee and Carlberg, Journal of Computational Physics. 404, 108973 (2020).
5 Matalanis et al., Tech. Rep. NASA/CR-2016-219336 (2016).

Figure 1: Latent variables vs. t in case of 5D code. Input vorticity contour (URANS solution) 

around the airfoil VR-12, M∞=0.3, 𝑅𝑒∞ =2.6 ×106, 𝑘=0.07, 𝛼=10◦±10◦sin (2𝑘𝑡). 
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Stability of a wind farm wake subject to dynamic pitch control 
under shear and thermal stratification 

Amy Hodgkina, Georgios Deskosb and Sylvain Laizeta 

Turbines exist in the wake of downstream turbines which leads to significant power 
losses and fatigue loads. Control methods, which act to shorten the stable wake length 
to increase power production of downstream turbines, are growing in popularity. 
Fredrik et al.1 show the potential for a dynamic pitch control method, which 
sinusoidally alters the blade pitch to trigger early tip-vortex breakup. Furthermore, 
large modern wind turbines exist high up in the atmospheric boundary layer, where 
the mean shear velocity profile and thermal stratification are major components 
impacting their wake development.  

To this end, we conduct a suite of high-fidelity large-eddy simulations to study the 
impact of shear and thermal stratification on the stable wake length of a turbine. We 
test the efficacy of dynamic pitch control strategies on shortening the stable wake 
length under these inflow conditions. Using instantaneous flow fields extracted from 
the simulations, we conduct a range of data-driven analysis (eg. Fourier analysis and 
proper orthogonal decomposition (POD)) to better understand the role of shear and 
thermal stratification on the tip-vortex instability mechanisms and structures leading 
to wake recovery. The mean kinetic energy fluxes of coherent structures are calculated 
to quantify their contribution to wake recovery. Figure 1 shows the vorticity contours 
of the wake in uniform flow and sheared flow. The effect of dynamic pitch control 
can be seen in the disruption of the helical spiral. Our preliminary findings indicate 
that shear can significantly affect the breakup of the wind turbine tip-vortices as well 
as the shape and stable length of the wake, whereas thermal stratification seems to 
only have limited contribution to the spatial development of the near-wake field. 

Figure 1: Vorticity contours showing a turbine wake under dynamic pitch control in a) 
uniform flow and b) shear (20% across rotor). 

a
 Turbulence Simulation Group, Dept. of Aeronautics, Imperial College London, SW7 2AZ, UK

b National Wind Technology Center, National Renewable Energy Laboratory, Colorado, 80401, USA 
1 Frederik et al., Wind Energy Science 5, 245 (2020).
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Uncovering plankton navigation strategies using deep 
reinforcement learning

Selim Mecannaa, Aurore Loisya, Rémi Monthillera, Christophe Eloya 

Plankters are small organisms drifting in oceans. Many plankters can swim and 
sense the surrounding flow1. Can they use this sensing information to navigate more 
efficiently in turbulence? Plankters being unable to sense their own velocity, they only 
have access to the local velocity gradient. This makes problems of planktonic 
navigation particularly challenging.  
 Reinforcement learning has become a popular tool to solve navigation problems 
with local flow information2. So far, these studies are mostly proofs-of-concept. They 
demonstrate that better-than-naive strategies can be learnt purely from experience. 
But the next challenge for reinforcement learning is to discover truly smart strategies 
that exploit the complex features of the underlying turbulent flow. This requires the 
use of state-of-the-art reinforcement learning methods3. Here we explore this path to 
address the problem of vertical migration. 

Vertical migration is a common task for both phyto- and zooplankton. From a 
theoretical point of view, it is an interesting problem because an analytical strategy 
called “surfing” has recently been derived4. This problem is therefore a real testbed to 
assess deep reinforcement learning capabilities at discovering complex strategies 
optimized for navigation in the planktonic world. 

Fig 1. Trajectories of three types of plankters: a smart surfer (red), a bottom-heavy plankter 
always swimming upwards (blue), and a passive particle (black) in a 2D Taylor-Green flow (a), 
and in a 3D homogeneous isotropic turbulence (b)4. 

a
Aix Marseille Univ, CNRS, Centrale Marseille, IRPHE, Marseille, France

1 Lenz et al., Zooplankton: sensory ecology and physiology, CRC Press (1997). 
2 Colabrese et al., Phys. Rev. Lett. 118, 158004 (2017), Alageshan et al., Phys. Rev. E 101, 043110 (2020), 
3 Gunnarson et al., Nat. Commun. 12, 7143 (2021). 
4 Monthiller et al., ArXiv:2110.10409 (2021).  
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Reduced Order Modelling of Multiphase Fluid Flows 

A. Colaneraa, M. Chiattoa and L. de Lucaa

Multiphase flow fields are driven by several physical phenomena, leading to complex 
spatial and temporal structures characterized by different spatial and temporal scales. 
Notwithstanding the large amount of research efforts, some aspects of such a class of 
flows are the object of ongoing studies, with some points still open. 

A consistent bulk of numerical methods has been developed to simulate free-surface 
flows1. A current approach consists in deriving the governing equations for two-phase 
flows following the single-phase approach by means of the Volume-of-Fluid (VOF) 
technique2.  

As highlighted in recent works3, the formulation of Reduced Order Models (ROM), 
inheriting the main features of the Full Order Model (FOM) but with a far lesser 
computational effort, is a crucial step to reduce the complexity of the governing 
equations, to gain further insights on the features of the flow field and even to design 
control strategies. Modern data-driven modal techniques as POD (Proper Orthogonal 
Decomposition) and SPOD (Spectral Proper Orthogonal Decomposition) can be 
effectively used in the field of multiphase flows4. A way to obtain a ROM is to extract 
physically important features, or modes, characterizing the flow topology, and to project 
(Galerkin projection) the governing equations onto a subset of these modes, obtaining 
a system of ordinary differential equations. POD, that gives a set of orthonormal modes, 
has been widely employed for this purpose in the fluid dynamic community5, while 
SPOD, that gives modes that are spatio-temporal functions, has been recently showed 
to be effective for the formulation of Galerkin reduced models6. 

In this work we studied and developed ROMs obtained by applying POD, SPOD 
and DMD (Dynamic Modes Decomposition) onto numerical simulations of multiphase 
flows computed with the VOF approach.  

We focused on viscous gravitational liquid sheet flows simulations carried out both 
in free and forced conditions, harmonically forcing the transversal velocity component 
at the inlet section. This class of flows can be fully characterized by a few dimensionless 
parameters related to the main physical effects and the geometrical features. It is shown 
that the choice among the different ROM bases, and the number of selected modes 
influences both the projection error and the modelling one.  Results focus on the scaling 
of the main spatial structures and timescales (in terms of sinuous/varicose modes and 
related significant leading wavenumbers and frequencies) with such parameters. 

a
Dep. Industrial Engineering, University of Naples Federico II, Naples 80125, Italy 

1 Scardovelli et al., Annu. Rev. Fluid Mech. 31, 567 (1999)
2 Popinet, J. Comput. Phys. 228, 5838 (2009).
3 Rowley et al., Annu. Rev. Fluid Mech. 49, 387 (2017).
4 Colanera et al., Phys. Fluids 33, 092117 (2021).
5 Stabile et al., Computers and Fluids 173, 273 (2018).
6 Towne, AIAA Scitech 2021 Forum, 2021-1676 (2021).
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A machine learning approach to bridge the gap between the 
Kuramoto-Sivashinsky and the Navier-Stokes equations  

for thin film flow 

C. M. Linaresa, E. D. Koronakib,c, Y. Psarellisa, G. Karapetsasd and
I.G. Kevrekidisa

Amplitude equations for the fluid interface are reduced representations of the 
dominant physics in thin film flows that are typically derived (and valid) under certain 
limiting conditions. The Kuramoto-Sivashinsky (KS) equation being one of them, is 
generally considered the first in a hierarchy of one- and two-equation models for the 
interface evolution of a thin film1. The most detailed description of the physics is 
given by the Navier-Stokes equations, which requires more involved computations 
and entails increased computational cost. 
  We present a machine learning approach to leverage an ensemble of data (velocity 
distributions and amplitude) collected from a CFD model of a thin film flow under 
conditions where the KS is approximately valid. We use this dataset to train an 
Artificial Neural Network (ANN) to “learn” the right-hand-side of a PDE describing 
the time-evolution of the thin film interface. This is then used as part of a time-
integrator to capture the dynamics of the interface as a “black box” data-driven 
amplitude model. We explore further by proposing two cases of “gray”-box models 
according to which, the “learned” quantity is not the amplitude but two different 
corrections to the KS prediction2.

We also exploit the fact that the dataset, which includes the fluid velocity 
distribution and the interface shape in various Re numbers, can be described by a 
small number of latent variables. These are derived using both linear (Proper 
orthogonal decomposition-POD) and nonlinear (Diffusion Maps-DMAPS and 
autoencoders)3 methods which determines the “shape” of the approximation of the 
manifold that contains the data: POD requires several linear hyperplanes to describe a 
nonlinear manifold, whereas DMAPS delivers a parsimonious representation, 
requiring less coordinates. We use interpolation methods in the latent space, such as 
Gappy POD4 in the linear case and Geometric Harmonics in the nonlinear case, to 
predict fluid velocity distributions from only a handful of measurements of the 
interface amplitude. 

a
Dep. Chem. & Biomolecular Engineering, Johns Hopkins University, Baltimore MD, 21211 USA

b
Interdiscip. Centre for Security, Reliability and Trust (SnT), University of Luxembourg, Luxembourg. 

c
Dep. Chem. Engineering, National Technical University of Athens, 15780, Athens, Greece. 

d Dep. Chem. Engineering, Aristotle University of Thessaloniki, 54124, Thessaloniki, Greece. 

1 Chang, Annu. Rev. Fluid Mech., 26, 103, (1994). 
2 Lee, Siettos et al., 2020 Virtual AIChE Annual Meeting (2020). 
3 Koronaki, Boudouvis et al., 2020 Virtual AIChE Annual Meeting (2020). 
4 Willcox, Computers & Fluids, 35, 208, (2006).
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A Data-Driven Neural-Network Algorithm for predicting the wake 
of buildings using RANS and LES  

Seyedamir Shojaeea, Carlos F. Langea, and Arman Hemmatia 

A machine-learning algorithm has been developed to improve the numerical 
prediction of flow characteristics around a wall-mounted finite rectangular-based 
cylinder, representing buildings of different sizes. The RANS (Reynolds-Averaged 
Navier–Stokes) turbulent model k-omega SST is utilized for analyzing the wake of 
cylinders with different height to width (aspect ratio, AR) and length to width (depth 
ratio, DR) characteristics. The Reynolds number of 2,500 is used to guarantee that the 
flow regime is fully turbulent. LES (Large Eddy Simulation) is adopted for training the 
data. In case of the RANS model, the length of the separation region is known to be 
over-predictive in bluff body wakes, where the large production of turbulence kinetic 
energy in the stagnation region leads to inaccurate prediction over the top surface. 
Conversely, in such a 3D flow with a fully turbulent regime, LES performs better in 
estimating complex flow features using a more accurate approach within a subgrid-
scale model (SGS)1. In the present study, there are 49 case studies to understand the 
effect of increasing AR and DR on wake behavior. The principal idea behind this 
study is to reduce the computational cost and time by training an artificial neural 
network (ANN) that transforms key wake predictions from the limited accuracy of 
RANS models to that of time-averaged LES, which can facilitate the calculation of 
wind load around rectangular buildings. A multi-layer perceptron regression ANN 
algorithm is employed for training the data. ANN works with AR, DR, and RANS 
results as inputs and some hidden layers as activation functions to estimate the output, 
such as recirculation length, top-recirculation zone, and base pressure. Figure 1 
demonstrates the transformation area for RANS and LES in reattachment length and 
a comparison between the predicted data by ANN algorithm and the LES data, as an 
example of the performance of ANN algorithms in correcting predicted RANS 
results. 

a
Dep. Mechanical Engineering, University of Alberta, Edmonton, AB – T6G 2R3, Canada 

1 Rodi, J. Wind Eng. 69-71, 55 (1997).

Figure 1: (a) The time-averaged RANS and LES reattachment length. (b) LES and ANN 
algorithm predicted reattachment length. 
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Machine Learning Reynolds Stresses in Film Cooling Flows 

C. D. Ellisa and H. Xiaa

In CFD, Reynolds-Averaged Navier-Stokes (RANS) is the cost-effective modelling 
workhorse within industry, however accurate results are dependent on the turbulence 
modelling chosen. Duraisamy et al.1 highlights an emerging hypothesis that turbulence 
modelling improvements appear to be stagnating, but demand for reliable and 
accurate numerical predictions of complex flows has never been higher, justifying 
further investment and research to advance the field. Ellis and Xia2 demonstrate that 
in two-dimensional separated flow, conventional and algebraic models to turbulent 
closures are insufficient. Data-driven and machine learning methods are researched to 
further the field of turbulence modelling. While machine learning methods for 
arbitrary flows are still challenging, recent works have shown promising results for 
specific flows. 

A tensorial-basis neural network, used by Ling and Templeton.3, to provide a 
functional model for the Reynolds stresses. High-fidelity Large Eddy Simulations 
(LES) of film cooling flows, a type of flow crucial to protect gas turbine engine 
components, are used to provide the training, testing and validation data. Inputs are 
formed of the tensors and invariants of the strain and vorticity rate tensors and 
additional inputs used in Wang et al.4. Investigations of parameter normalisation and 
parameter importance in the neural network are investigated to improve and simplify 
the neural network model while maintaining accuracy. 

Results from the a priori testing shows that the neural network model outperforms 
the Boussinesq hypothesis approach and provides an accurate depiction of the 
anisotropic state of the turbulence, shown by Fig. 1, for film cooling datasets that are 
unseen during the training of the neural network. 

a
NCCAT, Loughborough University, Loughborough, UK 

1 Duraisamy et al., NASA/TM, 20170011477 (2017).
2 Ellis and Xia, Phys. Fluids 32, 045115 (2020).
3 Ling and Templeton, J. Fluid Mech. 807 (2016).
4 Wang et al., Phys. Ref. Fluids 2, 034603 (2017).

Figure 1: Barycentric triangles of turbulent anisotropy comparing results of neural network 

(line) to LES (dots) at two locations downstream of the cooling hole. 
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Low-order-model-based turbulence inflow generator for wall-
bounded flows  

R. Stanlya, T. Mukhaa, S. Markidisb and P. Schlattera

Numerical methods for generating turbulence at the inflow boundary have long been 

studied to enable CFD simulations in a realistic set-up1. Apart from traditional methods, 

such as precursor simulations or synthetic turbulence generators, recently Proper 

Orthogonal Decomposition (POD)2 and Machine Learning (ML)3 based methods have 

been proposed. We build on existing work4 to create, in a DNS setting, an inflow 

generator for Nek5000 based on data-driven reduced models, and compare it with other 

approaches in terms of inflow length and computational performance.  

As asample result, POD is performed on the time-dependent snapshots of velocity 

fields obtained from a DNS of a flat plate turbulent boundary layer, using the spectral 

code SIMSON, to find the most energetic modes in the inner and outer layers, as shown 

in Figure 1. Then, vector autoregression (VAR) will be applied to produce suitable time 

coefficients for the modes in the low-order expansion. Given the spatial separation in 

inner and outer modes allows arbitrary Reynolds numbers, akin to transfer learning 

approaches, to generalise this inflow generator for practical situations. We will also 

explore more general ML approaches, either based on the raw data or the processed 

POD/Fourier decomposed series, as alternatives to the more classical VAR approach. 

Figure 1: Left: Near-wall and outer modes from POD on the snapshots of the precursor 

simulation at Reθ=790, based on the momentum thickness θ and free-stream velocity. Right: 

friction coefficient cf vs Reθ for the present case (solid blue) using data  (dashed blue) snapshots

as inflow condition.   

a SimEx/FLOW, Eng. Mechanics, KTH Royal Institute of Technology, 100 44 Stockholm, Sweden 
b Division of Comp. Sc. and Tech., KTH Royal Institute of Technology, 100 44 Stockholm, Sweden 

1 Wu, Annu. Rev. Fluid Mech. 49, 23-49 (2017).
2 Perret et al., Phys. Fluids  20, 075107 (2008).
3 Fukami et al., Phys. Rev. Fluids 4, 064603 (2019).
4 Malm et al., Proc. Ann. Conf. CFD Soc., Canada (2012).
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Data-driven hybrid method for rarefied gas flows 

G. Tatsiosa, A. K. Chinnappanb, A. Kamalb, N. Vasileiadisc, L. Gibellia,
S. Y. Dochertyd, C. Whitec, M. K. Borga, J. R. Kermodeb, and

D. A. Lockerbyb

Rarefied gas flows are characterized by the Knudsen number (Kn), defined as the ratio 
of the mean free path over the characteristic length scale of the flow. Such conditions 
can appear in low pressure environments and microscale gas flows, encountered in 
several scientific fields and engineering applications.  
 Based on the Knudsen number, different flow regimes can be distinguished as 
shown in Fig. 1. The boundary conditions of typical CFD approaches based on the 
Navier-Stokes-Fourier (NSF) equations fail in the slip regime, while the constitutive 
laws of the NSF equations are no longer valid from the transition regime and beyond. 
Accurate modelling of rarefied gas flows is based on kinetic theory and the Boltzmann 
equation. The prevailing methods of solving the Boltzmann equation is the stochastic 
particle-based method direct simulation Monte Carlo (DSMC). DSMC is accurate in 
the whole range of gas rarefaction but becomes very computationally expensive for 
small values of the Knudsen number.  

Practical applications may involve multiple flow regimes in the same computational 
domain, ranging from the slip to the free molecular. In such cases, DSMC is accurate 
but computationally prohibitive, while CFD lacks accuracy. To tackle such cases, 
hybrid methods have been developed, coupling DSMC and CFD. The main issue with 
typical hybrid methods is that since statistical noise is inherent in DSMC when the 
flow is low speed, field data given to CFD is noisy and can cause stability issues. 

In the present work, a micro-macro-surrogate multiscale hybrid method is 
developed. DSMC is applied in the required regions of the flow domain and DSMC 
data is used to perform on-the-fly training of physically informed surrogate models. 
The surrogate models in turn provide corrections to the boundary conditions and 
constitutive laws of the CFD approach, making it valid in the whole computational 
domain. The proposed approach is utilized to solve benchmark rarefied gas flow 
configurations, and its accuracy and efficiency are demonstrated.  

Figure 1: Flow regimes and modelling approaches. 
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Symmetry-reduced Dynamic Mode Decomposition of Near-wall 
Turbulence 

E. Marensia,b, G. Yalnıza, B. Hofa and N. B. Budanura,c

We introduce a method which overcomes the well-known failure1 of dynamic mode 
decomposition (DMD) in systems with continuous symmetries, where drifts in the 
data dominate the modal expansions without providing any insight into the dynamics 
of the system. We tackle this problem for fluid flows in rectangular channels by 
combining DMD with a pre-processing continuous-symmetry reduction that removes 
the degeneracies due to the streamwise and spanwise translations. Applications of our 
symmetry-reduced dynamic mode decomposition (SRDMD) are shown for 
transitional plane-Couette and turbulent plane-Poiseuille flows on DNS data. In the 
former, SRDMD is able to capture the dynamics in the vicinity of invariant solutions 
with translation symmetries, i.e., travelling waves and relative periodic orbits. In the 
latter, our calculations uncover episodes of turbulent evolution that can be 
approximated by a reduced linear expansion. Projections onto the SRDMD modes at 
these episodes (see Figure 1) show spiralling in/out and nearly-periodic behaviour and 
closely resemble the dynamics in the vicinity of invariant solutions. 

a
 Institute of Science and Technology Austria (ISTA), 3400 Klosterneuburg, Austria 

b
 The University of Sheffield, Dep. Mechanical Engineering, Mappin Street, S1 3JD Sheffield, UK 

c
Max Planck Institute for the Physics of Complex Systems, Nöthnitzer Str. 38, 01187 Dresden, Germany 

1 
Kutz et al., Dynamic Mode Decomposition, SIAM (2016) 

Figure 1: Projections onto SRDMD modes of DNS data from plane-Poiseuille flow 

simulations at Re = 2000 and the SRDMD approximations. Panels (a-c) correspond to three 
different time windows with the same duration.  
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A CFD-augmented machine-learning approach for the 
classification of nasal pathologies

A. Schillacia, G. Boracchib, C. Pipoloc and M. Quadrioa

Computational fluid dynamics (CFD) provides global properties of the flow solution 
(e.g. drag of a body) which can be used in an optimization process to minimize a cost 
function (e.g. power loss in a system). However, problems exist where a CFD-
accessible cost function is not easily available or is not known as a function of the 
fluid variables. One such case is the medical diagnosis of conditions involving fluid 
flow; the information ultimately relevant to the doctor is not the CFD field itself, but 
where and whether or not to perform the surgery. 
This work focuses specifically on the diagnosis of Nasal Breathing Difficulties (NBD). 
Ear, nose and throat surgeons use a variety of surgical manoeuvres, but often 
consensus is lacking on the best surgical approach for a specific patient. In fact, after 
surgery, patients often report unimproved NBD symptoms1. In such scenario, the 
CFD analysis is important insofar as it provides functional information2 not available 
through a simple CT-scan (Fig. 1a). CFD information can then be integrated into a 
Machine-Learning (ML) pipeline to classify nasal pathologies. 
In this work, we present a dataset of more than 270 LES of 7 different patients 
carrying a combination of 17 pathologies: 8 turbinate hypertrophies and 9 septal 
deviations. Flow features extracted from the dataset are used to train a neural network 
binary classifier which distinguishes between septum and turbinate pathologies. Seven 
classifiers are trained, using only 6 patients at a time, the remaining one serving for 
testing only. Preliminary results are shown in Fig. 1b. The success of the classification 
task shows that augmenting a common ML pipeline with CFD features enables the 
prediction of functional properties of complex fluid dynamic systems. 

a
Dip. Scienze e Tecnologie Aerospaziali Politecnico di Milano, Italy.

b
Dip. Elettronica, Informazione e Bioingegneria Politecnico di Milano, Italy.

c Unità di Otorinolaringoiatria ASST Santi Paolo e Carlo, Dip. Scienze della Salute, Milano, Italy.
1 Sundh and Sunnergren, Eur Arch Oto-Rhino-L, 272(10), 2871-2875, (2015). 
2 Quadrio et al. Eur Arch Oto-Rhino-L, 271(9), 2349-2354, (2014). 

Figure 1: (a) LES-computed mean flow in a patient-specific nasal cavity. The flow is visualized 

by mean streamlines, with colour indicating local velocity’s magnitude. (b) Result of binary 
classification: training on 6 patients and test on the 7th one. 
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Reconstruction of magnetic resonance velocimetry signals as 
an inverse Navier-Stokes problem 

Alexandros Kontogiannisa and Matthew P. Junipera 

Modern medicine heavily relies on the use of medical imaging techniques for health 

assessment. Among them, magnetic resonance velocimetry, or more general, magnetic 
resonance imaging (MRI), has a particularly wide range of applications. One appli- 
cation of interest, in the field of biological fluid dynamics, is the study of anomalies 
in the cardiovascular system such as the development of aneurysms. MRI offers non- 
invasive medical diagnosis of cardiovascular diseases by providing measurements of 
velocity fields that are subsequently used to estimate the wall shear stress on the 
blood vessel. Since the wall shear stress is closely related to the process of atheroge- 
nesis, correct estimation of its magnitude is crucial for valid prognosis. 

Although MRI presents many advantages, there are certain drawbacks. First, 
MRI suffers from partial volume effects near the vessel boundary, that do not allow 

precise measurement of the WSS. In addition, more often than not, multiple scans 
lead to long acquisition time and motion artefacts due to breathing. 

To tackle the above problems, i.e. improve WSS measurement accuracy and reduce 
the acquisition time, we propose a method that combines MRI data of velocity fields 
and a field equation (Poisson, Stokes, Navier-Stokes), to infer (or control) uncertain 

quantities, such as the viscosity of the fluid or the shape of the domain (or both). 
At the same time, a regularized solution of the velocity field is obtained as the MRI 
signal is filtered through the model equation. Finally, the regularization of this inverse 
problem is formulated in a general framework that applies to both variational methods 
1 and Bayesian inference2. 

What differentiates our method from previous studies 34, is that the precise domain 

of the physical problem, needed to solve the model equation, is not known a priori. 
In contrast to methods that require a geometry of the blood vessel, usually obtained 

from additional computed tomography (CT) scans and then triangulated, our method 

infers the geometry from the measurements. Consequently, our method provides a 

consistent treatment to reconstruct and filter velocity fields from MRI data. 

aDepartment of Engineering, University of Cambridge, Trumpington Street, Cambridge CB2 1PZ, 
UK 
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Stuart, A. M., Acta Numerica, 19, 451, (2010) 
Koltukluolu T. S., Blanco P. J., J. Fluid Mech., 847, 329, (2018) 
Funke S. W. et al., Int. J. Numer. Meth. Biomed. Engng. 35, 1, (2019) 
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Are experiments of Metal Pad Roll Instability feasible at Room 
Temperature? 

Caroline Norea, Wietze Herremana, Loic Cappanerab, Jean-Luc 
Guermondc and Tom Weierd 

Aluminium Hall-Héroult reduction cells can be the place of the metal pad roll 
instability (MPR), ie the growth of gravity waves at the interface between the mixture 
of cryolite and alumina on top and the liquid aluminium on bottom when a weak 
ambient magnetic field is present [1]. Combining theoretical arguments and numerical 
simulations, we demonstrate that this MPR instability can occur in a centimeter-scale 
setup with reasonable values of the magnetic field and electrical current and with 
metal pairs that are liquid at room temperature (see Figure 1). We investigate two fluid 
pairs: gallium with mercury (immiscible pair) and gallium with GaInSn eutectic alloy 
(miscible pair). We propose an experimental setup and discuss a list of difficulties that 
can be overcome. 

a
Université Paris-Saclay, CNRS, LISN, 91400 Orsay, France

b
Dep. Mathematics, University of Houston, Houston, Texas 77204-3008, USA 

c
Dep. Mathematics, Texas A&M University, 3368 TAMU, College Station, Texas 77843-3368, USA 

d
 Helmholtz-Zentrum Dresden - Rossendorf, Bautzner Landstraße 400, 01328 Dresden, Germany 

1 Sele, Metall. Mater. Trans. B 8, 613 (1977).
2 Nore et al., Phys. Rev. Lett. 126, 184501 (2021).

Figure 1: (left) Sketch of the cylindrical setup: a layer of gallium floats on a layer of mercury or 
eutectic GaInSn alloy, a current J passes through the cell which is subjected to an external 
vertical magnetic field Be. (right) Interface between the immiscible Ga and Hg setup and 
turbulent structures in a vertical plane. 
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Swirling electrovortex flows in cylinders: how do the parameters 
influence the flow’s intensity? 

S. Bénarda, W. Herremana, C. Nore a and J. L. Guermondb

We investigate swirling electrovortex flows in a cylinder filled with liquid metal. For this 
purpose, we use axisymmetric and three-dimensional simulations, conducted with the 
massively parallel code SFEMaNS1. This code uses a Fourier decomposition in the 
azimuthal direction and a finite element representation in the meridional plane. The set-
up used is a cylinder filled with GaInSn eutectic alloy, symmetrically connected to two 
copper wires and immerged in an external vertical magnetic field. The current enters 
and exits through these wires. The radius of the wires is lower than that of the cylinder, 
which deviates the current lines. The interaction between the deviated current and the 
magnetic field creates a Lorentz force which drives a flow called swirling electrovortex 
flow, very similar to the Von-Karman flow2. We first study the influence of the current 
density, the magnetic field and the viscosity on the flow. We identify four regimes. Three 
of them are induction-less regimes: the viscous regime (low velocities), the boundary-
layer regime (intermediate velocities) and the inertial regime (high velocities). The last 
one is the inductive regime, for high magnetic fields. We present for each of these 
regimes scaling laws for the velocity. We then vary the geometry of the set-up, i.e. the 
radius of the wires, the height of the cylinder and the way the current enters the cell 
(asymmetrical or symmetrical wires). We find that the scaling laws previously obtained 
highly depend on the geometry. We provide a simple model in order to explain the 
dependency of the flow’s intensity on the wires’ radius. Furthermore, we compare 
axisymmetric and three-dimensional simulations and discuss the validity of the 
axisymmetric approximation with respect to the flow’s intensity and the spatial 
distribution. 

a
Université Paris-Saclay, CNRS, LISN, 91400 Orsay, France

b
Dep. Mathematics, University of Houston, Houston, Texas 77204-3008, USA 

1 Guermond et al., J. Comput. Phys. 228, 2739 (2009).
2 Nore et al., J. Fluid Mech. 447, 51 (2003).

Figure 1: (left) Sketch of  the set-up: current lines in blue, external magnetic field in orange, 
Lorentz force in green. (right) Velocity distribution in the cylinder for a current density of 500 

A m-2. 
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Numerical study of the dynamic response of a liquid metal inside a 
pore in the presence of a magnetic field and an external heat load  

N. Pelekasisa, M. Vlachomitroua and D. Dimopoulosa

The unsteady flow arrangement of a liquid metal inside a single pore in the presence 
of a magnetic field is investigated numerically in order to determine the dynamic 
behavior when external heat and electric loads are applied on the interface. In the case 
of an azimuthal magnetic field and in the absence of a thermal load, a critical magnetic 
number is found (Bondm = 4.5) below which the flow after few oscillations reaches a 
steady state with mild poloidal flow patterns. Above this threshold, the interface 
exhibits saturated oscillations. For Bondm≥5.8 a Rayleigh–Taylor instability develops, 
and a finite time singularity is captured that leads to drop formation1 (Fig. 1a). In the 
presence of a thermal load, the interface is stabilized since the onset of evaporation 
tends to suppress drop ejection (Fig. 1b). The external load does not affect the time 
required for the pore to refill, but it affects the level of heat consumed by evaporation, 
as well as the rate of total liquid metal evaporation. Due to its higher surface tension 
Tin can withstand higher electric currents than Li in the absence of a thermal load or 
for thermal loads that do not cause boiling. Once boiling is initiated the interface 
becomes oscillatory due to high evaporation. In the case of an axial magnetic field and 
in the absence of a thermal load, there is a critical magnetic number Bondm≈3600 
above which the flow exhibits a poloidal component at steady state besides the 
azimuthal swirling motion. The onset of an interfacial instability is observed near the 
pore walls where intense swirling and poloidal motion are captured (Fig. 1c). In the 
presence of a heat load the instability is attenuated due to evaporation. The impact of 
such a flow arrangement on the stabilization of plasma reactors against drop ejection 
by using a capillary porous system as plasma facing component, is discussed. 

a
Dep. Mechanical Engineering, UTH, Leoforos Athinon, Pedion Areos, 38334 Volos, Greece 

1 Vlachomitrou & Pelekasis, Fluids 2020, 5, 12; doi:10.3390fluids5010012. 

Figure 1: (a) Drop formation for Bondm=5.8 and no heat load, (b) Steady pulsations of the contact angle 
at the pore “mouth”, θ, for Bondm=5.8 and q=2000MW/m2 and (c) onset of an interfacial instability near 
the pore wall for an axial magnetic field and Bondm≈3600.  
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Experiment on Electrically driven Alfven waves at low magnetic 

Reynolds number 

S. Lalloza,b A. Potheratb, L. Davousta and F. Debrayc

Alfven waves are magneto-mechanic waves which consists of an oscillation of 
both magnetic and momentum disturbances propagating along magnetic field lines. 
They were first theorised by Alfvén in 19421 and discovered seven years later by 
Lundquist2. After 70 years of reseach, due to the difficulty of reproducing these waves 
in laboratory, the knowledge of their dynamics remains elusive. In particular, their 
relevance at the low magnetic Reynolds numbers typical of most liquid metal 
experiments is controversial. 

Here, a revisited version of the Flowcube device, initially developed by Klein3, is 
used to investigate these waves in liquid metal (GalInstan) under a magnetic field of 
up to 10 Tesla. The originality of the setup is to force the wave by injecting an AC 
current through an array of electrodes located at the top and bottom plates of its 
rectangular vessel (also called Hartmann plates). This current interacts with the 
magnetic field to induce azimuthal Lorentz forces and thus generate a vorticity 
oscillation centred on top of each electrode in use. To observe the waves, these plates 
are equipped with electric potential probes symmetrically placed on both plates.  

This study addresses three key questions. The first one is whether electrically 
driven Alfven waves can be sustained at low magnetic Reynolds number, ie when the 
magnetic diffusion term prevails over the advective one. Second, how, and in which 
regimes do they compete with the diffusive nature of the Lorentz force, which, under 
the current paradigm, prevails at low Rm. Last, can Alfven waves reach a nonlinear 
regime, relevant to nonlinear processes occurring in plasmas and astrophysical flows? 
We will show preliminary results indicating that the Lorentz force may indeed 
underpin wave propagation at low Rm, whilst retaining its diffusive nature and that a 
nonlinear behaviour may ensue provided the waves are sufficiently excited.  
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1 Alfvén. Nature, 150, 405 (1942). 
2 Lundquist. Physical Review, 76, 1805 (1949). 
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Rotating waves and modulated rotating waves in magnetized 
spherical Couette flows 

J. Ogbonnaa, F. Garciab, T. Gundruma and F. Stefania

The magnetized spherical Couette flow occurs when an electrically-conducting fluid is 
utilized in a spherical Couette geometry and a magnetic field is applied to the flow. In 
the present work, rotating waves arising from the time-dependent states of 
magnetized spherical Couette (MSC) flows are experimentally investigated. The time-
dependent states are governed by the Re and the Ha of the MSC flow. The azimuthal 
modes of the MSC flows correspond to the azimuthal symmetries of the resulting 
rotating waves. The work follows an experimental approach by employing the 
HEDGEHOG (HydromagneticExperiment with Differentially Gyrating sphEres 
HOlding GaInSn) MSC setup at Helmholtz-Zentrum Dresden-Rossendorf. 

The results show that rotating waves with azimuthal symmetries of 2, 3, and 4 are 
observed1. Furthermore, the observed azimuthal symmetries are not only dependent 
on the current values of Re and Ha in the MSC flow, but also on their initial values, 
thereby exhibiting the multistability of the azimuthal symmetries of the rotating waves 
due to the hysteresis of the system. 

A wave with one frequency – that of modulation – in addition to its frequency of 
rotation is referred to as a modulated rotating wave. Waves with two and three 
additional frequencies have also been numerically computed by Garcia et al.2 Solutions 
to modulated rotating waves have been found through numerical simulations in the 
return flow instability, but since the range of Ha in which they emerge in the return 
flow instability is extremely narrow3, detecting them experimentally is a challenging 
exercise. Fortunately, the range of Ha for the occurrence of modulated rotating waves 
in the radial jet instability is much wider according to Garcia et al.4 so it is very likely 
that they can be detected experimentally. Consequently, it is worthwhile to 
experimentally investigate the radial jet instability in detail, and this will be our next 
major task using the HEDGEHOG. 
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Institute of Fluid Dynamics, Helmholtz-Zentrum Dresden-Rossendorf, Bautzner Landstr. 400, 
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1 Ogbonna et al., Phys. Fluids 32, 124119 (2020).
2 Garcia et al., Chaos 30, 043116 (2020).
3 Garcia et al., J. Nonlinear Sci. 29, 2735 (2019).
4 Garcia et al., Phys. Rev. Lett. 125, 264501 (2020).
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Near-wall MHD turbulence control – Effect of a Halbach magnet 
configuration 

A. CAPOGNAa, O. DOCHEa and L. DAVOUSTa

A fully developed turbulent channel flow submitted to a non-uniform magnetic field 

produced by a Halbach configuration embedded into the wall is analyzed through Direct 

Numerical Simulation (DNS) for a low turbulent Reynolds number (4200). The Halbach 

magnet configuration corresponds to a specific arrangement of the magnets which 

enables magnetization enhancement on the inner (flow) side of the channel wall at the 

expense of the outer side. This is achieved by the successive 90° angular rotation of the 

magnetic dipolar moments delivered by a series of permanent magnets. The latter are 

stripes elongated in the streamwise (x) direction, so that only wall-normal (By) and 

transverse (Bz) magnetic field components are generated.  

Since the wall shear stress and the mean velocity exhibit different behaviours depending 

on whether the magnetic moment is vertical (By) or horizontal (Bz), the problem is 

investigated making use of a spatial averaging on the transverse periodicity of the 

magnetic pattern. 

We show (figure 1) that the Halbach configuration is more efficient to relaminarize the 

turbulent flow than a more conventional spanwise configuration of alternating vertical 

magnetic dipolar moments even if an equivalent magnetic intensity is deposited in the 

turbulent inner layer. This better efficiency is achieved due to a better penetration of 

the magnetic field in the turbulent inner layer, leading to enhancement of the “damping 

MHD effect” in the transport equation of the Reynolds shear-stress 1,2. 

Figure 1: Instantaneous coherent structures detection (𝜆2=0.01) in a turbulent flow submitted 

to (a) a spanwise and (b) a Halbach wall magnet configuration.  

a
SIMaP Laboratory, EPM group, Dom. Universitaire, 38402 Saint Martin d’Hères, FRANCE 

1 Doche et al., Phys. Rev. Fluids. 6(9), 094605 (2021)
2 Capogna et al., Magnetohydrodynamics. 58(1) (2022).
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Initial interface smearing restricts two fluid mixing with the 
magnetic micro-convection 

L. Pukina-Slavaa, A.Tatulcenkovsa and G. Kitenbergsa

In this study active mixing with magnetic micro-convection of two miscible fluids 
in a microfluidics chip is investigated. The magnetic micro-convection that enhances 
the otherwise slow diffusion drive mixing is an instability with a finger-like interface 
between both fluids.  

We have showed previously that the mixing dynamics with the magnetic micro-
convection is affected by gravity.1 Here we investigate the effect of the interface 
thickness at the beginning of an experiment between both fluids on this magnetic 
micro-convective mixing experimentally and theoretically. The magnetic micro-
convection is induced by two different experimental setups with different directions 
of the external magnetic field (see fig.1.). The mixing dynamics and effectiveness is 
compared between these two cases including a quantitative comparison between 
experimental results and numerical simulations. 

For experiments we use the distilled water and water based magnetic fluids with 
various properties. The thickness of the interface smearing between the miscible fluids 
is varied by letting the fluids to diffuse for various periods of time. Afterwards, the 
magnetic field to create the instability is applied. We measure the characteristic critical 
fields for the instability development, the wavelength of the finger-like instabilities and 
the mixing enhancement due to the magnetic micro-convection for both directions of 
magnetic field.  

The results show that the magnetic micro-convective mixing is restricted by the 
amount of initial smearing. The mixing enhancement due to the magnetic micro-
convection is smaller for a larger initial interface thickness, while the mixing can be 
amplified by increasing the magnetic field. The properties of magnetic fluids 
significantly affect the mixing dynamic- if susceptibility and nano-particle 
concentration of the magnetic fluid decreases, the mixing due to micro-convection 
also decreases. The numerical simulations show a good agreement with the 
experimental results.  

Figure 1: (a) Magnetic micro-convection in the experiment with magnetic field parallel to the 
microchip. (b) Magnetic micro-convection in the experiment with magnetic field perpendicular 
to the microchip. 

a
MMML lab, Faculty of Physics, Mathematics and Optometry, University of Latvia, Riga, Latvia 

1 G. Kitenbergs et al., EPJE 41, 138(2018). 
* The research was supported by ESF Project No. 8.2.2.0/20/I/006.
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Synchronizing a Rayleigh-Bénard Flow by a tide-like 
electromagnetic force

P. Jüstela, S. Röhrborna, T. Gundruma, V. Galindoa,
R. Stepanovb, P. Frickb, F. Stefania

In the context of solar physics research and liquid metal batteries, instabilities with 
azimuthal wavenumber m=1, like Rayleigh-Bénard or the Tayler instability, play a 
principal role. Our research asks whether the inherent periods of these instabilities, 
and their helicity, are susceptible to entrainment by weak external forces1,2,3.  

In order to answer this question, an experimental and numerical campaign has 
been conducted. We investigated the behaviour of a Rayleigh-Bénard flow under 
external tide-like forcing of azimuthal wavenumber m=2. It has been shown that a 
synchronisation between flow and forcing can be achieved above a critical forcing 
strength and over a wide band of forcing frequencies. 

The experiment consists of a liquid metal filled cylinder with aspect ratio D/H=1 
and a pair of electromagnetic coils on opposing sides of the cylinder4. A tuneable 
power supply generates a 25 Hz AC signal in the coils inducing circular currents in the 
liquid metal. The interaction between induced current and magnetic field leads to a 
Lorentz-force field of an m=2 shape5. Due to the “short circuit” in the thermal 
control copper plates on top and bottom, the force field is in a good approximation 
two-dimensional. 

In the recent experimental campaign, a slow modulation was added to the force 
signal. It used a similar frequency as could be observed in the Rayleigh-Bénard Large 
Scale Circulation at Rayleigh number Ra=1.03e7. When observing velocities 
perpendicular to the forcing, a remarkable synchronisation could be found above a 
critical threshold. As a second campaign, the frequency of the forcing was altered, 
keeping the maximum current amplitude at a fixed value above the threshold. In this 
case, the correlation of input and output exhibited a broad optimum around the 
natural oscillation frequency of the plain Rayleigh-Bénard flow. 

a Institute of Fluid Dynamics, HZDR, Bautzner Landstraße 400, 01328 Dresden, Germany. 
Correspondence to: P.Juestel@hzdr.de 

b Institute of Continuous Media Mechanics, Russian Academy of Science, 1 Acad. Korolyov St., 
Perm, Russia 

1 Weber et al., New J. Phys. 17, 113013 (2015).
2 Stefani et al., Sol. Phys. 293, 2197 (2016).
3 Stefani et al., Sol. Phys. 296, 88 (2021).
4 Jüstel et al., Phys. Fluids 32, 097105 (2020).
5 Stepanov, Stefani, Magnetohydrodynamics 55, No. 1/2, 207-214 (2019) 
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Exact decomposition of energy and helicity fluxes
in magnetohydrodynamic turbulence

M. Linkmanna, S. Oughtonb, P. Johnsona and L. Biferaleb

Recently, for Navier-Stokes turbulence, an exact decomposition
of the energy flux across scales has been derived; this identifies
the  flux  contributions  associated  with  vortex  stretching  and
strain self-amplification1. Applied to data from direct numerical
simulations, this decomposition results in a quantification of the
relative  contributions  of  the  respective  terms  to  the  energy
cascade.  Here,  we  extend  the  formalism  to  general  coupled
advection-diffusion equations. The resulting flux decompositions
can be  readily  applied  to  problems  involving  the  dynamics  of
active and passive scalars and vectors.  We use the method to
calculate  magnetic  and  kinetic  energy  fluxes,  and  cross-  and
magnetic helicity fluxes for homogeneous magnetohydrodynamic
(MHD) turbulence in two and three dimensions with and without
background  magnetic  fields.  The  aim  is  to  disentangle  and
quantify the relative contributions of current-sheet thinning by
vorticity gradients and strain-current coupling to the energy and
helicity cascades in MHD.

a School of Mathematics and Maxwell Institute for Mathematical Sciences, 
University of Edinburgh, UK
b Dept. Mathematics and Statistics, University of Waikato, Hamilton, New 
Zealand
c Dept. of Mechanical and Aerospace Engineering, University of California, 
Irvine, USA
d Dept. Physics, University of Rome Tor Vergata, Italy
1 P. Johnson, Phys. Rev. Lett., 124, 104501 (2020)

Figure 1: Decomposed 
total energy flux  for Reλ 

= 150, Pm = 1. The kinetic 
energy flux is decomposed 
into contributions from the 
Lorentz force and inertia,    
     and    .  The magnetic 

flux is split into field-line 
stretching   and   advective 
contributions,        and      .
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Effect of intrinsic thermomagnetic convective timescales on the 
response to periodic modulation of external forcing parameters 

P.S.B.Szaboa, W.-G. Frühb 

A fluid in an enclosure which is heated and cooled at two opposite side walls exhibits 
natural convection.  If that fluid is a magnetic fluid and if the enclosure is placed in a 
magnetic field whose field strength increases in the vertical direction, thermomagnetic 
convection is observed.  If the magnetic field is strong enough, the direction of the 
convection cells is reversed almost as if gravity is reversed1.   

Corresponding to the Rayleigh number for natural convection, a magnetic Rayleigh 
number can be defined for a magnetic fluid in a magnetic field with a non-zero field 
gradient which is proportional to the temperature-sensitivity of the fluid’s magnetisation 

of the fluid, 𝐾 = −(𝜕𝑀/𝜕𝑇)𝐻, the field gradient, |H|, and the temperature

difference, T:

𝑅𝑎 = 𝛽𝜌𝑔 
𝐿3

𝜈𝜅
Δ𝑇   and     𝑅𝑎𝑚 =

𝜇0 𝐾 |∇𝐻| 

𝜌

𝐿3

𝜈𝜅
Δ𝑇 

Modulating the strength magnetic field offers the opportunity to adjust the strength 
of the thermomagnetic forcing from negligible to much stronger than buoyancy.  Of 
particular focus in this paper is the role of adjustment time scales in the fluid’s response 
during a periodic forcing cycle between pure non-magnetic forcing and magnetic 
forcing substantially exceeding buoyancy.   

In this paper, the magnitude of the forcing is kept constant while the frequency of 
the strength of the magnetic field is varied.  The results are interpreted in the light of 
the processes and time scales observed during a single switch from natural to 
thermomagnetic convection and vice versa.  Figure 1 illustrates (a) steady-state natural
convection, (b) a snapshot during the transition from natural to thermomagnetic 
convection, and (c) steady-state thermomagnetic convection. 

a
Dep. Aerodyn. Fluid Mech., Brandenburg University of Technology, 03046 Cottbus, Germany

b
Inst. Mech., Process and Energy Engng, Heriot-Watt University, Edinburgh, EH14 4AS, UK 

1 Szabo and Früh, J. Mag. Mag. Mat. 447, 116 (2018).

Figure 1: Temperature field and velocity arrows for (a) natural convection, (b) a snapshot during 
transition from natural to thermomagnetic convection, and (c) thermomagnetic convection. 
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Confined self-propulsion of chemically-active droplets 

F. Picellaa and S. Michelina

Self-solubilising droplets can spontaneously self-propel in a surfactant-laden solution 
as a result of the non-linear transport of surfactant molecules and resulting micelles by 
the interfacial flows induced by such large and slowly-diffusing solutes. Much 
fundamental progress has been made recently in understanding the symmetry-
breaking onset of propulsion and subsequent nonlinear dynamics. Yet, most existing 
models focus exclusively on active droplets in unbounded flows, thereby ignoring 
completely the intrinsic presence of confining boundaries in experiments (e.g. as a 
result of the droplet's net buoyancy). Recent experiments have further demonstrated 
the droplets' ability to swim inside small capillaries1 countering the intuitive picture 
that lubrication flows amount to increased resistance to fluid and droplet motion, and 
may hinder or even suppress propulsion entirely.  

Based on a novel numerical framework, we show that indeed the double hydro-
chemical effect of the confining pipe and fundamental changes in the solutes' 
transport away from the droplet in fact promotes the swimming motion in tightly-
confined environments2. We will discuss the relevant mechanisms using both our 
simulation results and lubrication analysis. 

a LadHyX, CNRS – Ecole Polytechnique, Institut Polytechnique de Paris, 91120 Palaiseau, France 
1 de Blois et al., Soft Matter, 17, 6646 (2021), Ilien et al., Phys. Rev. E, 101, 040602 (2020)
2 Picella & Michelin, J. Fluid Mech., 933, A27 (2022)
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Steady state propulsion of active drops along a wall 

Nikhil Desaia and Sébastien Michelina 

Active drops emit/absorb chemical solutes, the gradients in whose concentration 
cause interfacial flows that drive their own transport and the propulsion of the 
droplet1. For these isotropic colloids, such nonlinear coupling is essential to the 
emergence of directed self-propulsion, which occurs above a critical advective-to-
diffusive transport ratio, or, Péclet number (Pe)2. In experiments, active drops most 
often swim along rigid surfaces due to their relative buoyancy; yet theoretical and 
numerical descriptions of this non-linear phenomenon focus almost exclusively on 
unbounded domains to circumvent the geometric complexity. In contrast here, we 
specifically focus on the spontaneous emergence and nonlinear saturation of the 
propulsion of active droplets along a rigid wall, in proximity of which they are 
confined by a constant external force (e.g., gravity). We show that wall proximity in 
fact promotes propulsion and increases the speed of an active drop as compared to 
the same in an unbounded fluid3. Moreover, the translation of the drop reduces the 
chemically-induced wall repulsion balancing the external force, causing the drop to 
swim progressively closer to the wall as Pe increases, thus further augmenting its 
swimming speed. 

Figure 1: (a) Self-propulsion velocity of an active drop, Ux, as a function of Pe, for two values

of the constant external force, Fext. (b-c) Streamlines (in the drop’s frame) and solute
distribution around the active drop, for Pe = 6, and Fext values from panel (a).

a
LadHyX, Département de Mécanique, CNRS – Ecole Polytechnique, Institut Polytechnique de Paris, 

91128 Palaiseau Cedex, France
1 Maass et al., Annu. Rev. Condens. Matter Phys., 7 171 (2016)
2 Izri et al., Phys. Rev. Lett., 113 248302 (2014)
3 Desai and Michelin, Phys. Rev. Fluids, 6 114103 (2021) 
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Experimental study of drying in the presence of fluorescent 
particles in model porous media  

E. Ghiringhellia, M. Marcoux a, M. Pratb

The motivation for the present study stems from visualizations of the PTFE 
distribution in the gas diffusion layer (GDL) of Proton Exchange Membrane Fuel Cell 
(PEMFC).  The GDL is a fibrous carbon layer treated with polytetrafluoroethylene 
(PTFE), by drying a layer saturated with a solution of PTFE particles, to improve 

hydrophobicity1. During the fabrication, internal surfaces appears to be hardly 

covered homogenously causing a mixed wettability in the medium, indeed PTFE 

distribution strongly depends on evaporation conditions2. In this context, the 

objective of the present work is to study the pattern formed by fluorescent particles 
(1µm) in porous media after the evaporation of the water, starting from a single pore 
before moving to a pore network. 
We used a transparent material, the SUEX resin, to make the porous medium, filling it 
with a solution of fluorescent particles and let it dry at constant temperature and 
humidity. Therefore, it is possible to follow their position during evaporation, 
compute the velocity field and relate it to the final deposit. The water flow during 
evaporation and the pattern of deposited particles are observed under a microscope 
using a confocal green source. The evaporation kinematics is slowed down by the 
presence of the particles, this is due to their effect on the thickness of the corner 
films. They are thicker with pure water than in the presence of particles, which results 
in smaller vapour partial pressure gradients in the channel entrance region. Moreover, 
the presence of the films has a great impact on the final particles’ deposit.  

The next step is to study the deposit of particles at a greater scale with a model porous 
medium as in the figure below where the particles are dark. This experimental set-up 
will allow us to explain how the liquid moves during drying, thanks to the tracking of 
particles, how the liquid displacement influences the particle deposition. This will help 
to establish drying procedures leading to improved GDL’s hydrophobicity properties 
for better fuel cell operation.  

a
Université de Toulouse; INPT, UPS; IMFT, Avenue Camille Soula, 31400 Toulouse, France CNRS; 

IMFT, 31400 Toulouse, France 
b

Institut de Mécanique des Fluides de Toulouse, U.M.R. C.N.R.S., INP/UPS No 5502, Avenue du 

professeur Camille Soula, 31400 Toulouse, France 
1
 Tatsumi Kitahara & al. Journal of Power Sources, 2010. 

2
 Hiroshi Ito, & al.  Journal of Power Sources, 2014. 
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Modelling of Confined Nanoscale Thin Films 

Jingbang Liua, James Sprittlesa, Duncan Lockerbyb 

Thin films at nanoscale have attracted increasing attention due to their importance 
for various applications such as in high performance lubricants, lab-on-a-chip devices 
and printable electronics. The success of these technologies relies on a precise 
description of the behaviour of interfaces, which at the nanoscale can be driven by 
random (Brownian) motion in the bulk that creates thermal capillary waves.  

To include thermal motion, fluctuating hydrodynamics (the Landau-Lifstiz Navier-
Stokes equations) was developed, and for thin films a stochastic lubrication equation 
has been derived. Previous analyses of these equations have focussed on unbounded 
or periodic domains, but these domains are unphysical in real life and the confinement 
of thin films by different boundaries (e.g., solid walls) is important. 

Figure 1: (a) Snapshot of MD focusing on the pinned contact line. (b) Fluctuation 
amplitude of thin films for different confining boundaries. Black: periodic, green: confined-
free, blue: confined-pinned. 

In this talk, we consider two dimensional nanoscale thin films h(x,t) confined 
between solid walls, where two different physically motivated contact line conditions 
are considered: confined-free and confined-pinned. Virtual experiments of this flow 
are simulated using Molecular Dynamics (MD) and these are used to validate analytic 
results obtained from the stochastic lubrication equation. In particular, a linear 
stability analysis provides information of the shape of wave modes expected for 
different boundary conditions and generates results that agree excellently with the 
MD. A Langevin diffusion process is proposed to model the fluctuating contact line
further improving the accuracy. These results show the importance of including
confining boundaries, even for relatively long films where the boundaries are far from
the bulk, and we conclude with ideas as to how these results can be experimentally
validated.

a
Mathematics Institute, University of Warwick, Coventry, CV5 7AL, UK

b
School of Engineering, University of Warwick, Coventry, CV5 7AL, UK 
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Supercritical CO2 Mass Transfer in Microfluidics 

Junyi Yanga, Tsaihsing M. Hoa, Peichun Amy Tsaia,* 

Carbon capture and sequestration (CCS) in deep saline aquifers is an effective way 

to mitigate anthropological CO2 emissions. Therefore, it is essential to understand 

the CO2 mass transfer in the pore fluid (water/brine), especially at reservoir 

conditions where injected CO2 is at a supercritical state. Motivated by the CCS 

applications, we experimentally investigate CO2 mass transfer in a microfluidic 

segmented flow at elevated pressure (P) and temperature up to 9.5 MPa and 35 °C, 

close to reservoir conditions. High-pressure CO2 is introduced into a T-junction as a 

dispersed phase and dissolved in the continuous phase (water or brine). The 

microfluidic device allows the pore-scale visualization of the CO2 slug length and 

bubble/emulsion velocity as it travels downstream. By monitoring the size change 

of the CO2 slugs, we quantify the liquid-side volumetric mass transfer coefficient, 

kLa, for gas, liquid, and supercritical CO2. At a micro-pore scale (with a 

hydrodynamic diameter of ≈ 50 μm), our results show an increase in kLa by O(102 - 

103) compared to millimeter-sized capillaries. The experiment also reveals a more

intense mass transfer for supercritical CO2. Compared with the low-pressure

experiments, supercritical CO2 undergoes a smaller change in bubble length and

reaches a steady-state faster. The kLa of supercritical CO2 in water (~100 s-1) is

significantly higher than the average value of 28.85 s-1 for P < 8 MPa. In addition,

kLa has a positive linear correlation with the Reynolds number (Re) since a higher

CO2 bubble velocity enhances the mass transfer.

a Dep. Mechanical Engineering, University of Alberta, Edmonton, AB T6G 1H9, Canada

1 T. M. Ho and P. A. Tsai, Lab Chip 37, 348-356 (2021).
2 T. M. Ho, J. Yang, and P. A. Tsai, Lab Chip 21, 3942 (2021).
3  T. M. Ho, D. Sameoto, and P. A. Tsai, Chem. Eng. Res. Des 174, 116 (2021).
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Flow rate–pressure drop relation for deformable shallow channels 
via fluidic and elastic reciprocal theorems 

Evgeniy Boykoabc, Howard A. Stonea, and Ivan C. Christovb

Viscous flows through configurations manufactured from soft materials apply both 
pressure and shear stress at the solid-liquid interface, leading to deformation of the 
cross-section, which in turn affects the flow rate–pressure drop relation. 
Conventionally, calculating this flow rate–pressure drop relation requires solving the 
complete elastohydrodynamic problem, which couples the fluid flow and elasticity1,2. 

In this work, we use the reciprocal theorems for Stokes flow and linear elasticity to 
derive a closed-form expression for the flow rate–pressure drop relation in shallow 
deformable microchannels, bypassing the detailed calculation of the solution to the 
fluid-structure interaction problem. For small deformations, our theory provides the 
leading-order effect, of the interplay between the fluid stresses and the compliance of 
the channel, on the flow rate–pressure drop relation. Our approach uses solely the 
fluid flow solution, and the elastic deformation due to corresponding fluid stress 
distribution, for the undeformed channel, eliminating the need to solve the coupled 
elastohydrodynamic problem. Unlike previous theoretical studies that neglected the 
presence of sidewalls (and considered shallow geometries of effectively infinite 
width1,2), our approach allows determining the influence of confining sidewalls on the 
flow rate–pressure drop relation. In particular, for the flow-rate-controlled situation 
and the Kirchhoff–Love plate-bending theory for the elastic deformation, we show 
the trade-off between the effect of compliance of the deforming top wall and the 
effect of sidewalls on the pressure drop. While increased elasticity decreases the 
pressure drop, the sidewalls effect increases it. Our theoretical framework may 
provide insight into the existing experimental data and pave the way to the design of 
novel optimized soft microfluidic configurations of different cross-sections. 

a
 Department of Mechanical and Aerospace Engineering, Princeton University, NJ 08544, USA  

b
 School of Mechanical Engineering, Purdue University, West Lafayette, IN 47907, USA 

c
 Davidson School of Chemical Engineering, Purdue University, West Lafayette, IN 47907, USA 

1 Christov et al., J. Fluid Mech. 841, 267–286 (2018).
2 Christov, J. Phys.: Condens. Matter 34, 063001 (2022).
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Biomimetic study of air invasion in the vein network of leaves 

L. Keisera, P. Marmottanta and B. Dolleta

We present a biomimetic study of the air invasion (or embolism) in the vein network 
of a leaf in dry conditions, a growing concern for forest survival in the context of 
global warming. We use PDMS microchannels in a dry atmosphere, which enable 
both to reproduce the key elements of leaf venation (branches, loops, and 
constrictions), and to mimic evapotranspiration in leaves thanks to the permeability of 
PDMS to water. The dynamics of embolism is quantified by tracking the position of 
air-liquid menisci inside the microchannel network. In single channels and simple 
networks of constant cross-section (Fig. 1, left), a smooth dynamics is obtained, which 
we fully explain by models based on water diffusion through PDMS1,2. However, such 
a dynamics does not reproduce the intermittent embolism dynamics found in 
biological samples3. We show that constrictions, as found in the sap circulation 
network in plants and trees, are the key elements to explain intermittency: menisci are 
trapped at constrictions for a finite time (Fig. 1, right), then suddenly jump forwards 
when a capillary threshold is reached. 

Figure 1: Left panel: biomimetic network inspired from a fern2. Right panel: narrow 

constriction in a microfluidic channel. A meniscus separating the water-filled region (right, 
clear part of the channel) from an air-filled part (left, dark part of the channel) is visible at the 
right end of the constriction). 

a LIPhy, Univ. Grenoble Alpes, CNRS, 38000 Grenoble, France 
1 B. Dollet, J. F. Louf, M. Alonzo, K. H. Jensen, P. Marmottant, J. R. Soc. Interface 16, 20180690

(2019). 
2 B. Dollet, K. N. Chagua Encarnación, R. Gautier, P. Marmottant, J. Fluid Mech. 906, A6 (2021).
3 T. J. Brodribb, D. Bienaimé, P. Marmottant, Proc. Natl. Acad. Sci. 113, 4865 (2016).
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Synthesis of Anisotropic Magnetic Microparticles in a Microfluidic 
Device 

M. Saqiba, E. Y. Erdema,b

In recent years there have been reports of synthesizing anisotropic magnetic 
microparticles by using droplet based microfluidics for applications such as protein 
detection, targeted drug delivery, and cell encapsulation.1,2 But due to diffusive mixing 
in microchannels, these methods require identical viscosities of the parallel flowing 
fluid streams and precise control of fluid flow rates3. In this work we demonstrate a 
simple, versatile method to synthesize microparticles with anisotropic magnetic 
properties inside a microfluidic device using an external magnetic field. The schematic 
of the microfluidic device is shown in Figure 1(a). The continuous phase is oil while 
the droplet phase is a dispersion of iron oxide magnetic nanoparticles in a monomer 
solution which is polymerized upon exposure to the UV radiation. The device utilizes 
a flow-focussing droplet generation geometry and a permanent magnet that is placed 
downstream beside the device. Figure 1(b) shows the droplets formed with magnetic 
nanoparticles uniformly spread inside in the absence of an external magnetic field. 
When the permanent magnet is placed besides the device, the magnetic nanoparticles 
accumulate towards the permanent magnet in one hemisphere of the droplet as shown 
in Figure 1(c). The droplets are later exposed to UV radiation which initiates the 
polymerization reaction causing the droplets to solidify and form particles with 
asymmetric magnetic property. These particles can later be used as drug delivery 
agents, or microrobots that can be controlled with an external magnetic field.4, 5 

a
Mechanical Engineering Department, Bilkent University, Ankara 06800, Turkey

b
UNAM (National Nanotechnology Research Center), Ankara 06800, Turkey 

1Varma et al, Lab Chip 17, 20 (2017).
2Feng et al, Mat. Sci. & Engr. : C 104 (2019). 
3Lan et al, Talanta 151 (2016).
4Marschelke et al, Coll. and Poly. Sci. 298, 7 (2020). 
5Jurado-Sánchez et al, Envir. Sci.: Nano 5, 7 (2018). 

Figure 1: (a) Schematic of the microfluidic device (b) Droplets containing magnetic 
nanoparticles when external magnetic field is not present (c) Droplets under the external 
magnetic field. 
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Laminar drag reduction in surfactant-contaminated 
superhydrophobic channels 

S. D. Tomlinsona, F. Giboub, P. Luzzatto-Fegizb, O. E. Jensena

and J. R. Landela 

While superhydrophobic surfaces (SHSs) show promise for drag reduction (DR) 
applications, their performance can be compromised by traces of surfactant that 
accumulate at liquid-gas interfaces, generating Marangoni stresses that increase drag1. 
This question is addressed for a three-dimensional laminar flow in a plane periodic 
channel with SHSs along both walls (Fig. 1a), in the presence of soluble surfactant. We 
consider the regime in which bulk diffusion is sufficiently strong for concentration 
gradients normal to the SHSs to be small. Seeking solutions that are periodic in the 
streamwise and spanwise directions, and exploiting a long-wave theory that accounts 
for rapid transverse Marangoni-driven flow and shear-dispersion effects, we derive a 
one-dimensional model for the distribution of surfactant. This exhibits multiple regimes 
where asymptotic solutions can be constructed, which compare favourably with 
numerics. Some are characterised by shear-dispersion and diffusion-dominated 
processes, where the liquid-gas interface exhibits shear-free behaviour and the DR is at 
its maximum. In contrast, other regimes are dominated by Marangoni effects, where the 
liquid-gas interface exhibits no-slip behaviour and the DR vanishes. Our model also 
predicts ‘stagnant cap’ profiles that simultaneously exhibit both shear-free and no-slip 
regions on the interface (Fig. 1b). This analysis can guide the design of surfactant-
contaminated SHSs to maximise DR and gives insight into regimes that are not included 
in current models in the literature, which assume constant shear at the interface. 

a
Dep. of Mathematics, University of Manchester, Oxford Road, Manchester M13 9PL, UK

b
Dep. of Mechanical Engineering, University of California, Santa Barbara, CA 93106, USA 

1 Peaudecerf et al., Proc. Nat. Acad. Sci. USA 114, 7254 (2017)

Figure 1: (a) Schematic depicting the plane periodic channel flow. (b) Surfactant concentration 

and streamwise velocity at the SHS. This exhibits a region of immobilisation due to the 
accumulation of surfactant at the downstream end of the liquid-gas interface. 
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Bitensorial singularity method for Stokesian particle dinamics in 
microfluidics

G. Procopio1, M. Gionaa

Transport of particles is an important issue in microfluidics involved in the 

development of highly controlled separation processes, diagnostics, life 

science, surface engineering, MEMS, etc. 

Due to the reduced size of microfluidic devices, hydrodynamic interactions 

between particles and device walls need to be considered. 

We extend the formalism of the algebra of bitensors1 to the fundamental 

solution theory for the Stokes’ flow in order to clarify some known concepts 

and to develop new relations. 

In fact, bitensor calculus, developed in relativity theory to describe the 

interaction between point-particles and the space-time field, is a useful 

mathematical tool for treating invariant relations, distinguishing  between 

the components of tensorial singularities at the source point (the position of 

the particle) and the field point (the position of the fluid element), thus, 

taking into account their intrinsic differences (such as the incompressible 

constraint, valid solely for the field components). 

Using this mathematical tool, we develop an explicit method to evaluate the 

n-th order Faxén operators, providing the velocity field and the resistance of

the particle in the unbounded fluid, by its moment expansion2.

Subsequently, we expand the fluid velocity field due to the motion of

particle in a n-th order Faxén series applied to the Oseen’s tensor.

Finally, by using the reflection method3, we reduce the problem of a body

moving in a bounded fluid, to the knowledge of two simpler problems: I)

the Faxén operator of the particle, II) the Green’s function of the geometry

of the bounded fluid domain.

The theoretical results are also applied to practical problems, such as the

transport of spherical and spheroidal particles near planar and cylindrical

walls.

1
Dip. Ingegneria Chimica Material Ambiente, La Sapienza Università di Roma, via Eudossiana 18, 

00184 Roma, Italy
1 Poisson et al., Living Rev. Relativ.  14, 7 (2011). 
2 Kanwal, Generalized Functions, Boston  (2004).
3 Happel and Brenner, Low Reynolds number hydrodynamics, The Hague (1983).
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Enhanced accumulation of colloidal particles in microgrooved 
channels via diffusiophoresis and steady-state electrolyte flows 

N. Singha, G. Vladisavljevića F. R. Nadalb, C. Cottin-Bizonnec, C. Piratc

and G. Bolognesia 

The controlled transport of sub-micron colloidal particles within a confined 
environment, such as a porous medium or a dead-end channel, is a key feature in several 
technological applications (e.g., drug delivery, diagnostics) as well as in living systems 
(e.g., mass transport in tissues and capillaries). The ability to manipulate particles by 
diffusiophoresis – a phoretic phenomenon leading to particle motion along a solute 
concentration gradient– has gained an increasing attention1. Recently, we demonstrated 
how solute gradients in steady-state continuous flows past a microgrooved surface can 
be exploited to induce the controlled and reversible trapping of sub-micron particles 
within the dead-end microgrooves (Figure 1). The trapping mechanism is governed by 
a combination of hydrodynamic and diffusiophoresis effects2.  
In this study, we investigate how the particle trapping is affected by the groove 
geometry, channel surface chemistry and solute gradient intensity, thereby determining 
the conditions for enhancing the particle trapping performance. We also extended the 
manipulation strategy to a wider range of colloidal particles. The proposed approach 
for particle transport in lab-on-a-chip devices has potential applications in point-of-
care, drug delivery and biosensing industry.  

Figure 1: Confocal side view images of the microgrooved channel showing the 

distribution of fluorescent particles without (a) and with (b) an externally-imposed salt 
concentration gradient. Scale bar 20 µm. 

a
Dep.  Chemical Engineering, Loughborough University, Loughborough LE11 3TU, UK

b
Wolfson School of Mechanical, Electrical and Manufacturing Engineering, Loughborough 

University, Loughborough LE11 3TU, UK 
c

Institut Lumière Matière, UMR5306 Université Claude Bernard Lyon 1 – CNRS, Université de 

Lyon, Villeurbanne Cedex 69622, France 
1 Shin, Phys. Fluids, 32, 101302 (2020)
2 Singh et al., Phys. Rev. Lett.  125, 248002 (2020)
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Focusing and Sorting Polystyrene Particles and Liposomes via 
Diffusiophoresis in Straight Flat Microchannels 

Adnan Chakraa, Naval Singha, Goran Vladisavljevića, Francois Nadalb, Cecile Cottin-
Bizonnec, Christophe Piratc and Guido Bolognesia 

We report a novel phenomenon that enables the pre-concentration and 
sorting of charged polystyrene particles and liposomes dispersed in a 
continuous flow within a straight flat microchannel. A 3-inlet junction 
microfluidic device is used to generate a steady-state salt concentration 
gradient in the direction perpendicular to the flow [1,2].  Particles dispersed 
in the electrolyte solution accumulate into two symmetric regions of the 
channel by forming two distinct focusing spots. Our numerical and 
experimental analysis shows that the observed particle dynamics is driven 
by an unreported physical mechanism, that combines diffusiophoresis, 
diffusioosmosis and hydrodynamics. Moreover, we developed a proof-of-
concept microfluidic device that exploits this mechanism to enable 
focusing and filtration of particles based on their zeta potential under 
continuous flow settings. The proposed method offers potential for 
microfluidic bio-analytical testing applications

Figure 1: a) Schematic of Ψ-junction microfluidic device with focused images obtained at 1 mm 
(blue) and 9 mm (orange & green) downstream, b) normalised intensity profile of colloids at 
distances specified in a). Note that ‘SC’ and ‘NSC’ denote salt contrast and no salt contrast, 
respectively. 

a Department of Chemical Engineering, Loughborough University, UK
b Wolfson School of Mechanical, Electrical and Manufacturing Engineering, Loughborough University 
c Institut Lumi`ere Mati`ere, UMR5306 Universit´e Claude Bernard Lyon 1, France 
1 Abecassis et al, Nature Materials, 2008, 7. 785-9. 10.1038
2 Singh et al, Phys Rev Lett, 2020, 125, 248002
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A Lattice-Boltzmann Fluid-Structure Interaction framework for 
inertial microfluidics 

D. De Marinisa, A. Cocliteb, M. D. de Tullioa

In the last decades, inertial microfluidics has assumed an increasing role in the design 
of lab-on-chips (LOCs) microfluidic systems for particle focusing applications, where 
particles are to be aligned and/or separated.  

In the regime of Reynolds number between 1 and 100, inertia can be exploited to 
generate particle migration and secondary flow effects, allowing to achieve the required 
focusing without the need of external forces on the system—an interesting review of 
the inertial microfluidics and its effects is provided by Zhang et al.1. 

Particles moving in such configurations migrate laterally to different equilibrium 
positions due to the counteraction of two inertial effects: the shear gradient lift force 
due to the curvature of the fluid velocity profile, and the wall lift force as result of the 
interaction with the adjacent walls. Secondary flow can also appear in curved channels, 
where the pressure gradient in the radial direction can generate two counter-rotating 
Dean vortices. This additional force on particles brings several advantages, changing the 
equilibrium position and allowing differential particle size-dependent focusing, 
depending on the the ratio of inertial lift force to the secondary flow resistance. 

With the aim of providing an accurate investigation of the flow-particle interaction, 
we present a numerical solver based on Lattice-Boltzmann method, well suited for 
particle-resolved simulations in flow regimes typical of inertial microfluidics 
applications. Fluid-structure interaction is predicted by means of a dynamic-immersed 
boundary technique2. The numerical solver is used to investigate the physical 
mechanism of inertial particle focusing in curved microchannels with spiral geometries, 
comparing results with experimental data by Guan et al.3. Two different cross sections 
are considered: a rectangular one and a trapezoidal one. In the spiral with trapezoidal 
cross-section, strong Dean vortices are generated in the outer half of the channel. Larger 
particles can then be focused near the inner wall while smaller particles are trapped 
within the Dean vortices near the outer wall at relatively high flow velocities, obtaining 
size-based separation. 

a
Dipartimento di Meccanica Matematica e Management, Politecnico di Bari, Bari, Italy. 

b
Dipartimento di Ingegneria Elettrica e dell’Informazione, Politecnico di Bari, Bari, Italy. 

1 Zhang et al., Lab on a Chip 16(1), 10 (2016).
2 Coclite et al., Computers & Mathematics with Applications 80(12), 2860 (2020).
3 Guan et al., Scientific Reports 3, 1475 (2013).
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Numerical modelling of shape-changing stimuli-responsive 
hydrogels using particle-based methods 

A. Rahmata, T. Montenegro-Johnsona

Shape-changing stimuli-responsive hydrogels change their topology and material 
properties under variations of external stimuli e.g., pH and temperature. This 
functionality promises a multitude of advanced applications such as smart 
microrobots and controlled drug delivery. In order to utilise these materials in 
complex engineering applications, a profound understanding of the interactions 
between the hydrogel, loaded material, and the surrounding environment is required. 

In this study, we present a hybrid particle-based method to simulate the dynamics 
of shape-changing stimuli-responsive hydrogels in response to external stimuli. We 
have combined the Smoothed Particle Hydrodynamics method and Mass Spring 
Model for modelling hydrogels and their interactions with the surrounding fluidic 
environment. Figure 1 illustrates our preliminary results for three different beams 
loaded with a diffusive material and compares the diffusion of the loaded material for 
both responsive and non-responsive hydrogels. 

Figure 1: Preliminary results for the deformation of a beam using the proposed 
particle-based methods; (a) a homogeneous non-responsive beam under pure 
diffusion, (b) a homogeneous stimuli-responsive beam representing spatially uniform 
diffusion profiles, (c) a heterogeneous bilayer stimuli-responsive beam representing 
spatially non-uniform drug expulsion and diffusion profiles. Black particles are non-
responsive hydrogels, red particles are stimuli-responsive hydrogels, and contours 
illustrate the diffusion of loaded materials. 
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The swelling and shrinking of thermo-responsive hydrogels 

M. D. Butlera, and T. D. Montenegro-Johnsona

Thermo-responsive hydrogels are a promising material for use in a range of small-
scale applications, such as targeted drug delivery and actuation of micro-scale devices. 
This is because they expand and contract significantly (absorbing or expelling fluid) in 
response to relatively small temperature changes.  

Understanding the dynamic behaviour of such systems can be difficult because of 
the spatially- and temporally-varying properties of the gel, and the complex 
relationships between the elastic deformation of the polymer structure, the fluid 
dynamics within the pore spaces and chemical interaction between the polymer and 
fluid.  

We investigate such a gel using a poro-elastic model, considering the dynamics of a 
homogeneous thermo-responsive spherical hydrogel after a sudden change in the 
temperature that should result in substantial swelling or shrinking. We find a few 
qualitatively different characteristic behaviours, with the main two behaviours being 
swelling that happens smoothly from the edge inwards and shrinking that results in 
the formation of an inwards-travelling spherical front which separates a swollen core 
and a shrunken shell.  

An approximate analytical form for the front dynamics is developed that matches 
closely to the numerical simulations and is simpler to solve, allowing for more 
efficient predictions to be made, for example in deciding dosing strategies for drug-
laden hydrogels.  

a
School of Mathematics, University of Birmingham, Edgbaston, Birmingham, B15 2TT
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Taylor dispersion of finite-sized particles near a boundary 

Vincent Bertina, Alexandre Vilquinb, Frédéric Restagnoc, Elie Raphaëlb, 
David Deand, Thomas Salezd and Joshua D. McGrawb 

Material transport is governed by Brownian motion and the surrounding flow. The 
coupling between the advection and diffusion across the streamlines enhances the 
dispersion along the flow with respect to molecular diffusion. This phenomenon is 
called Taylor dispersion1 and is the dominant mechanism of transport in a variety of 
contexts in microscale flows such as nutrient and drug transport, chemical reactions in 
porous media or in many biological processes. At the nanoscale, particles can no longer 
be considered as passive point-like particles but are submitted to interactions (e.g., 
electrostatic, van der Walls, hydrodynamics), or reaction/absorption at the interface.  

Here, we experimentally study the transport of an ensemble of nanoparticles in a 
pressure-driven microchannel and near the surface. The nanoparticles are detected 
using total-internal-reflection fluorescence microscopy2 in a finite observation zone. In 
particular, our experimental setup allows us to investigate the importance of the 
transport properties of the repulsive electrostatic interaction and an effective absorption 
at the limit of the observation zone, as particles inevitably diffuse out of it. Supported 
by a theoretical model using the moment theory, we show that (i) the number of 
particles is not conserved and decays exponentially because of the absorbing boundary 
(ii) a steady-state altitude probability distribution is reached at long times with a
dynamically-driven depletion zone near the absorbing boundary (distinct from the
Boltzmann distribution). Furthermore, (iii) the Taylor dispersion coefficient largely
depends on the repulsive interaction and is dictated by the steady-state distribution. The
Taylor dispersion coefficient is found to be an order of magnitude smaller than the
Taylor-Aris theory that ignores the interactions and in agreement with the moment
theory. Therefore, at the micro/nanoscale, a precise description of the interactions of
the transported entities with the boundary is critical for fine control the processes such
as drug delivery or confined chemical processing.
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1 Taylor, Proc. R. Soc. London Ser. A 219, 186 (1953).
2 Vilquin et al., Phys. Rev. Fluids 6 (6), 064201 (2021).
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Mixed boundary value problems for slow viscous flows: 
new transform methods and applications 

E. Lucaa  and S.G. Llewellyn Smithb

The study of Stokes flows in confined geometries bounded by no-slip boundaries is an 
important area of fluid dynamics. Renewed interest in the theory of such flows has 
emerged as new problems arise in microfluidics applications. 

In this talk, motivated by microfluidics applications where it is required to manipulate 
viscous fluids at small scales, we present a new transform method for solving mixed 
boundary value problems for biharmonic fields arising therein. The new method 
provides a unified general approach to finding quasi-analytical solutions to a variety of 
technologically important problems of slow viscous flows and leads to fast and accurate 
schemes for evaluation of the solutions. We analyze viscous flow problems in polygonal 
and circular geometries, including pressure-driven flows in channel geometries with 
angled transitions (Figure 1). 

Although analytical methods can be used to solve problems in channel geometries with 
parallel boundaries, the analysis of problems with angled boundaries remains a 
challenge. Methods which rely on rectangular domain decomposition, such as the 
eigenfunction expansion method, can no longer be used. Lubrication theory can be used 
provided the width changes gradually enough. Otherwise numerical methods such as 
boundary integral techniques or finite difference and finite element methods have been 
used. Our approach gives a semi-analytical method to solve such problems. 

a
Institute for Mathematical and Statistical Sciences, Department of Mathematics, University College 

London, UK

b Dep. Mechanical Engineering, University of California San Diego, CA 92093, USA

Figure 1: Pressure-driven flows in channel geometries with (a) angled transitions (b) an angled plate. 
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Microfluidic Model of Micro-Haemodynamics in Porous Media 

N. Singha,b, Q. Chena,b, K. Schirrmanna,b, I. Chernyavskyc,d and A. Juela,b

The human placenta is an essential organ for the developing fetus, which relies on 
well-orchestrated haemodynamics to deliver its multiple functions1. The geometrical 
complexity of the placenta and lack of appropriate animal models mean that 
biomimetic laboratory models offer a powerful tool to investigate haemodynamics and 
haemorheology in the human placenta and other complex biological tissues2-3. The 
placental microstructure is effectively a porous medium where the particulate nature 
of red blood cells (RBCs) is important. However, particle transport and its influence 
on permeability remain unexplored. 

We use droplet and capsule suspensions in planar microfluidic porous media to 
explore the transport of deformable particles, with the aim of characterising rheology 
in this setting. Droplets are the simplest RBC analogues but they lack the shear 
elasticity of the real RBC. In addition, undesired coalescence and breakup limit their 
use in experiments. A better biomimetic model of RBC is provided by 
polydimethylsiloxane (PDMS) capsules of adjustable diameter and wall thickness, 
which are microfabricated using a 3D nested glass capillary device4. Their elastic 
modulus can be varied by an order of magnitude by adjusting the chemistry and the 
capsules can further be deflated by osmosis to match the area to volume ratio of real 
RBCs. We test the aptitude of these objects to mimic the motion and large 
deformations of single red blood cells and of suspensions of RBCs in straight 
capillaries and arrays of contractions and expansions. Planar porous media of 
controlled geometry, porosity and different levels of the disorder are then constructed 
by positioning cylindrical pillars in different spatial arrangements within a Hele-Shaw 
channel. Suspension flows are characterised in terms of the dynamic capsule 
distribution, flow resistance and permeability as functions of haematocrit 
(concentration of capsules), capsule geometry, a disorder of the medium and elasto-
viscous capillary number, which provides a measure of the importance of viscous 
shear forces relative to elastic forces. 
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2 Pemathilaka et al., Interface Focus 9, 20190031 (2019).
3 Tun et al., J.R. Soc. Interface 18, 20210140 (2021).
4 Bandulasena et al., J. Coll. & Interf. Science 542, 23 (2019).
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Modeling the fluid mechanics in single-flow batteries with an 
adjacent channel for improved reactant transport 

S. Kupermana, R. Ronenb, Y. Matiad, A. Zigelmana, M. E. Sussa,b,c and
A. D. Gata

An important engineering challenge of our time is the development of inexpensive 
and high-performance renewable energy storage systems. Such systems support the 
integration of intermittent renewable energy sources, such as solar and wind, to the 
power grid reducing dependence on fossil fuels. Flow batteries are promising due to 
their use of inexpensive, earth-abundant reactants, and their scalability. To reduce 
system capital costs, single-flow membraneless flow batteries are under intense 
investigation, but require intricate flow design.  

In this work we analytically and numerically model the flow field and the chemical 
species transport for a novel single-flow geometry having an adjacent channel 
separated by a permeable electrode. We find that an adjacent channel with gradually 
changing thickness leads to a desired flow through the permeable electrode 
significantly reducing the thickness of the concentration boundary layer. This in turn, 
increases the reactant transport to the electrode surface to 140% of the rate of a 
battery with a constant width adjacent channel, and 350% of the rate of no adjacent 
channel. This study indicates that flow filed design using novel geometries pave the 
way for enhanced flow battery performance and efficiency while reducing cost. 
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Figure 1: (a) Schematic cross-sectional illustration  of a single-flow membraneless flow battery 

active battery cell. The permeable electrode, modeled as a thin porous plate, is marked by the 
dashed line delineating region 1 and 2. (b) The cumulative current density for a discharging 
battery at limiting current for various slopes of the bottom wall of the adjacent channel 
alongside the classic single channel design for reference. 

674



Check-Pointing & Lossy Compression in Unsteady Adjoint-based 
Optimization in Fluid Mechanics

A.-S.I. Margetisa,i, E.M. Papoutsis-Kiachagiasa,ii and K.C. 
Giannakogloua,iii 

In fluid mechanics, the unsteady adjoint method used in gradient-based optimization 
in large-scale problems may suffer from significant storage requirements, since the 
backward in time integration of the adjoint equations requires the previously 
computed instantaneous primal solutions (flow fields) to be available at each time-
step. Nowadays, as a means to reduce storage, binomial check-pointing1 is in 
widespread use. This can reduce the memory footprint of the optimization with a 
minimum possible computational overhead, thanks to the optimal distribution of 
check-points within the time-horizon. In this paper, a challenging alternative is 
presented. 

The basic idea is that, once computed, each instantaneous flow field can be lossly 
compressed using ZFP2 and, then, the resulting ZFP stream can losslessly be re-
compressed using the Zlib compression library. To profit from the advantages of 
check-pointing, we are proposing an efficient combination of compression and check-
pointing. This allows more check-points to be retained in the available memory, 
reducing flow re-evaluations. Everything has been implemented within OpenFOAM, 
which is used to solve the flow and adjoint equations3 and conduct the optimization 
and assessed in aerodynamic shape optimization problems including an automotive 
application. The memory footprint of each check-point can be reduced by 1 to 2 
orders of magnitude4, while the sensitivity derivatives and the optimal solution are 
practically unaffected by lossy compression. Effectiveness in data reduction, 
computational cost and representation accuracy are compared with “standard” 
binomial check-pointing, which is the standard approach in an industrial environment. 
The proposed technique can be applied to any other flow model governed by 
unsteady PDEs, for which the (continuous or discrete) adjoint method is used, on 
structured or unstructured computational grids. 

This project has received funding from the European High-Performance 
Computing Joint Undertaking (JU) (Exploitation of Exascale Systems for Open-
Source Computational Fluid Dynamics by Mainstream Industry) under Grant 
Agreement No. 956416. 
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Aerodynamic Shape Optimization of the NREL Phase VI Wind 
Turbine Using the Continuous Adjoint Method

M. Erfan Farhikhteha, E. M. Papoutsis-Kiachagiasa,
K. C. Giannakogloua

This work presents the aerodynamic shape optimization of the NREL Phase VI wind 
turbine blade, targeting the maximization of the axial moment and, hence, of the 
produced power. To efficiently handle the large number of design variables, a gradient-
based optimization technique and the continuous adjoint method are used for 
computing the gradients of the axial moment coefficient with respect to the design 
variables. 
  The optimization is conducted using the OpenFOAM-based continuous adjoint 
solver named adjointOptimisationFoam, developed and made publicly available by the
group of authors, [1]. The flow model relies on the Navier-Stokes equations coupled 
with the Spalart-Allmaras turbulence model, solved for the absolute velocity in the 
relative reference frame and the utilized adjoint approach takes into consideration all of 
these constituents, [2] (i.e. avoids the “frozen turbulence” assumption and includes 
terms that emerge from the differentiation of the Coriolis and centripetal forces). The 
blade and the displacement of the surrounding grid nodes are parameterized using a 
volumetric B-Splines morphing box consisting of 864 control points which are free to 
move in the axial and peripheral directions. Within 15 optimization cycles which are 
completed at the cost of approximately 30 equivalent flow solutions, the axial moment 
coefficient increases by 11%, compared to the baseline rotor. 

a School of Mechanical Engineering, Parallel CFD & Optimization Unit, National Technical 
University of Athens, 9 Iroon Polytechniou Str, Athens 15780, Greece 

1 Papoutsis-Kiachagias E.M. and Giannakoglou K.C, Archives of Computational Methods in Engineering,.
255--299, 23(2) (2016).

2 Papoutsis-Kiachagias E.M. et al, 14th ECCOMAS Thematic Conference on Evolutionary and Deterministic 
Methods for Design, Optimization and Control. (2021).

(a)                                                                      (b) 
Figure 1: (a) Comparison of the baseline (black) and optimized (red) NREL Phase VI blade 
sections at a number of spanwise positions. (b) Difference in the local pressure coefficient 
between the optimized and baseline blades. Red areas correspond to a local increase of the 
pressure coefficient while blue ones to a local decrease. 
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A Computational comparison of mini-axial and reverse flow 
hydrocyclone 

Shuvam Mohantya, Jong-Leng Liowa 

Axial flow hydrocyclones are competitive to the standard reverse flow hydrocyclones 
in liquid-solid separation. A numerical investigation of simple mini axial and reverse 
flow hydrocyclone with 5mm diameter is presented here. The design configuration is 
referred to and modified from the existing literature1,2. The Lagrangian approach was 
followed to solve the flow field, and for numerical study, the large eddy simulation 
(LES) model was employed. In the Lagrangian approach, the discrete phase model 
(DPM) was followed to analyse the discrete phase for the particles by releasing them 
from the inlet surface of both the hydrocyclones. For particle simulation, soda-lime 
glass particles of density 2520 kg/m3 were injected with a diameter range of 10 µm ≤ 
DP ≤ 150 µm and the mean diameter of particles equal to 80µm. The numerical 
simulations were performed contemplating the same geometrical configuration for 
both the hydrocyclones to compare the pressure drop, separation efficiency, cut 
size(d50) and dimensionless numbers. The computational results of the velocity flow 
field, turbulence fluctuation and turbulence intensity were also compared between 
axial flow hydrocyclone and reverse flow hydrocyclone at the centre plane, 
considering the same flow velocity. The results indicate that the axial flow 
hydrocyclone has a low-pressure drop and higher cut off size than the reverse flow 
hydrocyclone at inlet velocities ranging from 1-10m/s. Figure 1(a) demonstrates with 
the increase in inlet velocity, the cut size linearly reduced from 66µm to 31µm and 
65µm to 30.5µm for axial and reverse flow hydrocyclones, respectively. Figure 1(b) 
shows the pressure drop of the axial flow hydrocyclone increases from 1.2 kPa to 
75.66 kPa and 1.198 kPa to 292.7 kPa for reverse flow hydrocyclone. According to the 
results, the simple design of axial hydrocyclone is effective for particle separation. 

Figure 1: Comparison of a) cut size (d50) and b) pressure drop between axial and reverse flow 

hydrocyclone for inlet velocities 1-10m/s. 
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CFD Simulation of Gas-Solid-Liquid Bubble Column 

M. Drawa,b, R. Rzehaka

The dependence of froth flotation performance on various inter-related chemical, 
operational and instrumental components, makes optimizing a flotation system a very 
complex task. Computational Fluid Dynamics tools provide the means to study the 
flow inside a flotation cell by employing mathematical models that describe the 
interaction between the different phases of the system. The purpose of this work is to 
use Euler-Euler-Euler CFD simulations in OpenFOAM to validate a set of interfacial 
models to determine the hydrodynamics of a gas-solid-liquid flow. The combination 
of previously well validated baseline models for gas-liquid flows1 and solid-liquid 
flows2 is used for this purpose. The baseline combination includes drag, lift, wall, 
turbulent dispersion and virtual mass forces as well as bubble induced turbulence for 
gas-liquid interaction, and drag, lift, turbulent dispersion and virtual mass forces for 
solid-liquid interaction. Based on an extensive literature review of gas-solid-liquid 
experiments, the bubble column data of Rampure et al.3 are chosen for the numerical 
validation. Preliminary results show that the bubble diameter, which was not measured 
precisely, plays a significant role for the gas volume fraction distribution. Bubble 
diameter of 7 mm yields gas volume fraction profiles in agreement with the 
experimental data. The baseline combination yields higher particle suspension than 
indicated by the experimental data. This leads to a systematic study of the closure 
models. Choosing a model set similar to that of Rampure et al. improves the 
agreement of the solid distribution but deteriorates that of the gas distribution. It must 
be noted that, the high gas flow rate and high solid concentration likely require 
consideration of further aspects that are expected to have a significant effect on the 
flow. These may include a PIT model, a swarm corrector for the bubble and particle 
drag force, modifying the bubble drag force due to the existence of particles and vice 
versa, a solid pressure due to particle collisions and modifying the liquid viscosity due 
to the presence of particles. The study of the effect of these aspects is still on-going. 
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An efficient interface-tracking method for evaporative surfaces
J. Carliera, M. V. Papalexandrisa

Evaporative surfaces constitute a common feature of oceanic flows but are also 
encountered in industrial applications such as in spent-fuel pools of nuclear power 
plants. In fact, after the catastrophic events that occurred in Fukushima in 2011, the 
post-accident study commissioned by the Organisation for Economic Cooperation 
and Development highlighted the importance of developing reliable computational 
tools for the study and accurate prediction of the phenomena occuring during a loss 
of cooling accident in such pools. 

Motivated by this need, in this work we present an algorithm for the tracking of 
the water-air interface during evaporation-driven thermal convection. To this end, we 
consider an Euler-Euler formulation of the two-phase system, i.e. the liquid water 
below the free surface and the air-water vapor mixture above. Since the emerging flow 
structures are due to free-surface evaporation and thermal convection, the two-phase 
system is described by the low-Mach number approximation of the compressible 
Navier-Stokes-Fourier equations. Herein, the low-Mach number equations are treated 
numerically via a finite-volume algorithm that combines a predictor-corrector time-
advancement scheme with a projection method for the computation of the pressure 
field1. This scheme is solved on a collocated grid and, therefore, employs a Rhie-Chow 
type flux-interpolation method in order to avoid the odd-even pressure decoupling 
problem.  

The discretization of the free surface is achieved via the Ghost-Fluid method2,3. 
Particular care has been paid to render the resulting algorithm sufficiently robust and 
accurate for the simulation of turbulent two-phase flows with heat transfer, phase 
change and dynamically evolving material interfaces. In the first part of this talk we 
elaborate on the design and features of the algorithm. Subsequently, we present results 
of numerical tests that we performed in order to assess the efficiency of this 
algorithm, involving evaporation driven thermal convection.  

aIMMC, Université catholique de Louvain, 1348 Louvain-la-Neuve, Belgium 
1 Lessani and Papalexandris, J. Comput. Phys. 212, 218 (2006).
2 Liu et al, J. Comput. Phys. 160, 151 (2000).
3 Tanguy et al, J. Comput. Phys. 221, 837 (2007).
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Simulation of mass transfer in Bubble columns 

Haris Khana,b, Roland Rzehakb 

Bubble column reactors are extensively used in a variety of industrial processes 
involving gas-liquid mass transfer along with chemical reactions. Despite intensive 
research, knowledge on the mass transfer is still limited in comparison with that on 
the fluid dynamics, which provides an open field of research.  

In this study, mass transfer of CO2 between air bubbles and water in a bubble column 
is investigated using Euler-Euler simulations in OpenFOAM. Previously validated 
fluid dynamics models1 are applied and focus is put on the description of the mass 
transfer. Experimental data to validate the results are taken from the study of 
Deckwer2 providing axial profiles of gas fraction, and carbon dioxide concentration in 
both phases. Previous work3 considering only cases with co-current absorption is 
extended to also include the cases with counter-current flow and desorption. Some 
simplifications are made in accordance with the previous work, i.e. taking the bubble 
diameter to be constant and using the experimentally determined values for the mass 
transfer coefficient. Despite these simplifications, the simulation results show a quite 
good agreement with the experimental data.  

As a second step, the change in bubble size due to the mass transfer is included in the 
simulations by means of a population balance equation discretized using the class 
method. The well-known model of Brauer4 is implemented as an example of a bubble 
size dependent mass transfer coefficient. Since experimental data including the 
development of bubble size are not available for comparison, an initial validation is 
provided by comparison of the polydisperse calculation with two monodisperse 
calculations corresponding to initial and final size in the former. 

a
Technische Universität Dresden, Dresden, SN 01069, Germany 

b
Institute of Fluid Dynamics, HZDR, 400 Bautzner Landstraße, Dresden, SN 01328, Germany 

1 Rzehak et al., Chemical Engineering Science. 157, 147 (2017).
2 Deckwer et al., Can. J. Chem. Eng. 56, 43 (1978).
3 Rzehak, and Eckhard, Chemical Engineering Science. 155, 459 (2016).
4 Brauer, Progress in Chemical Engineering. 19, 81 (1981).
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A Numerical Investigation of Transport Phenomena in Droplet-
Vortex Interactions 

O. Avnia, Y. Dagana

While the interactions between droplets and their environment is a fundamental 
problem in fluid mechanics, our understanding of such phenomena is far from 
complete. The complexity of the general problem arises from the strong coupling 
between the carrier flow and the transport of mass, momentum, and heat to the droplet, 
thus limiting the scope of any general analysis. The interaction of droplets and vortical 
flows draws particular interest, as vortical flows play a significant role, for example, in 
many engineering applications, in various environmental flows, and established as a 
possible transmission mechanism of airborne pathogens. 

Past studies have thoroughly investigated the two-way coupling between simple 
vortices and droplets with a comparable length scale and found that these vortical 
structures could significantly alter the droplet’s evaporation rate in spray combustion 
systems. Nevertheless, large vortical structures may significantly alter the dynamics and 
thermal behavior of the single droplet. Vortices may enhance the condensation of water 
vapor exhausted by aircraft engines and contribute to the formation and persistence of 
condensation trails. On the other hand, large vortex chambers have been used to 
accelerate the drying process of spray during the production of fine solid particles in the 
chemical, biochemical, food, and pharmaceutical industries. The analysis of such 
multiphase flows using high fidelity simulations may require the implementation of 
Lagrangian particle tracking. However, incorporating a detailed model might require 
very high computational costs, even for relatively simple setups. Therefore, we offer a 
new Lagrangian analysis of the dynamics of droplets swirling within a simple, analytically 
described viscous vortical flow structure, the well-known Lamb-Oseen vortex. 

 Our theoretical analysis reveals the complex interaction between a Lamb-Oseen 
vortex and the droplet, as it may undergo both evaporation and condensation due to 
sharp changes in the environmental conditions caused by the vortex. The non-linear 
relations between the carrier flow fields, droplet relaxation time, drag forces, mass 
convection, and heat exchange are derived and analyzed. The isolation of the interaction 
between the modeled vortical flow and the droplets allows for a rudimentary, parametric 
investigation of the transport processes. Thus, the proposed model might offer a new 
analytic tool that might aid in uncovering the underlying physical mechanisms governing 
the fundamental problem of a droplet evaporation and condensation within a vortical 
flow structure. 

a
Faculty of Aerospace Engineering, Technion - Israel Institute of Technology, Haifa, 320003, Israel.
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Turbulence in a bubble column from coarse-grain simulations 

F. Le Roy de Bonnevillea,b, R. Zamanskya, F. Rissoa,
A. Boulinb and J.-F. Haquetb

We report simulations of a bubble swarm at a bubble Reynolds number of 760 and 
gas volume fractions from 0.5 to 7.5%. The liquid is described by solving the Navier-
Stokes equations, including sources of momentum modeling the effect of the bubbles. 
The trajectory of each bubble is determined by solving an equation of motion. The 
computation of the drag and added-mass forces requires to remove the velocity 
disturbance generated by a bubble in its vicinity. A new method has been developed 

for this purpose1, allowing us to perform coarse-grained simulations (Fig. 1a). 
The simulations are processed to analyze the dynamics of the fluctuations. The 

average liquid disturbance generated around each bubble is determined by means of 
conditional averaging in order to discriminate the contribution of the Localized Bubble 
Disturbances (LBD) from that of the Bubble-Induced Turbulence (BIT)2. Then, spectral
budgets of the LBD and BIT are computed. The work of the buoyancy supplies 
energy to the LBD on a range of wavelengths of less than one decade. A small part of 
this energy is directly dissipated into heat while the major part is converted into 
turbulence. The BIT budget is shown in Fig. 1b. The production of turbulence is 
distributed around a peak at a smaller wavenumber than that of the dissipation (D).
However, at variance with high-Reynolds number single-phase flow turbulence, there 
is no clear scale separation between P and D, resulting in a significant transfer term
(T). Note that the well-known k-3 regime of the energy spectrum, signature of the BIT,
starts beyond the maximum of D, where P and D are decreasing functions of k. It
thus implies a subtle balance between production, transfer and dissipation. 

a
Institut de Mécanique des Fluides de Toulouse (IMFT), CNRS, Université de Toulouse, France

b
SMTA, LMAG, CEA, DEN, DTN, 13108 Saint-Paul-Lez-Durance, France 

1 Le Roy De Bonneville et al., J. Fluid Mech. 926, A20 (2021)
2 F. Risso Ann. Rev. Fluid Mech. 50 (2018)

Figure 1: (a) Snapshot of the vertical liquid velocity. (b) Spectral budget of BIT. 
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On the effect of turbulence models in the numerical simulation of 
bubbly flows in  rectangular cross channels. 

C.Bazina, M.G.Rodioa, R.Lagrangeb, C.Josserandc

 A promising approach for the numerical simulation of bubbly flows relies on 
Transport Equations for the Interfacial Area concentration (IATE). These equations 
include source terms which strongly depend on the turbulence model used to simulate 
the dynamics of the liquid phase.  
 Authors have shown that the k-eps model is effective in reproducing the bubbly 
flow in simple channels. However, in more complex configurations like the two phase 
flow across a tube bundle, this model yields stagnation point anomalies which affect 
the interaction between the tubes and the fluid. To correctly reproduce this 
interaction, it is thus necessary to assess the capabilities of more advanced turbulence 
models.  
 With this goal in mind, we first study the behaviour of the SSG and EBRSM 
turbulence models and then the contribution on motion of bubble induced turbulence 
in the simulation of 3D bubbly flows in rectangular cross-channels. A comparison 
against experimental data is proposed for two channel configurations : a narrow 
rectangular channel and a large diameter square channel. 
 Our simulations, performed with NETPUNE_CFD, show that among the tested 
models, the Elliptic Blending Reynolds Stress turbulence model (EBRSM), coupled 
with a wall force and bubble induced turbulence, is the best one to reproduce the 
experimental results from the literature. 

a  Université Paris-Saclay, CEA, Service de Thermo-hydraulique et de Mécanique des Fluides, F-
91191, Gif-sur-Yvette, France

b  Université Paris-Saclay, CEA, Service d'Etudes Mécaniques et Thermiques, F-91191, Gif-sur-
Yvette, France

c  Laboratoire d’Hydrodynamique (LadHyX), UMR 7646 CNRS-Ecole Polytechnique, IP Paris, 91128 
Palaiseau CEDEX, France
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Experimental investigation of particle-turbulence interactions in 
vertical pipe flows 

B.E. Owolabia, R. Jäckela, B. M. da Silvaa, L. Moriconia and J. B. R. 
Loureiroa 

Turbulent particulate flows are important both in nature and in many industrial 
applications. Examples include droplets in the clouds, fluidized beds, pharmaceutical 
sprays among many others. A fundamental physical understanding of these flows is 
therefore crucial. Due to the compressibility of their velocity field, inertial particles in 
turbulence exhibit phenomena such as preferential sampling and clustering. This 
manifests as turbophoresis – the migration of particles towards the wall – in wall 
bounded flows, the mechanism of which is not yet fully understood1. To obtain some 
insight into this phenomenon, a large number of studies1 have focused on flows in 
horizontal pipes and channels, often with conflicting results due to the influence of 
gravity.  In this study, we examine the particle-turbulence dynamics in a pipe aligned 
with the gravitational vector, thus allowing for the investigation of, purely, the 
influence of turbulence on the wall-normal migration of particles. The parameter 

space considered covers a wide range of particle-volume fractions (∅v), Reynolds 
numbers and Stokes number, thus allowing for data to be obtained up to the two- and 
four-way coupling regimes for which there is little information in the literature. First, 
we determine the effect of particles on skin friction drag, then, using Voronoi 
diagrams, we also investigate the dynamics of the concentration field.  

a
NIDF, Universidade Federal do Rio de Janeiro, C.P. 68528, Rio de Janeiro, RJ, Brazil 

1. Brandt, L. et al. Annu. Rev. Fluid Mech., 54, 159-189 (2022).
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Morphological analysis of contorted fluid structures 

F. Thiesseta, C. Dumouchela

Turbulence of heterogeneous fluids (non-miscible fluids separated by an interface) are 
encountered in several natural and industrial situations. Most of available theoretical 
descriptions of such flows generally apply to the dispersed regime, when one phase is 
much more abundant than the other. When the two-phases are found in similar 
proportions (the dense regime), the shapes of fluid structures are much more contorted 
and cannot simply be described in terms of e.g. drop/bubble diameter distribution. 

Here, we introduce two morphological descriptors of complex (i.e. non-spherical and 

non-convex) fluid structures. They both originate from the field of heterogeneous 
materials where they are widely used for characterizing the microstructure of e.g. porous 
media, composite material, fractal aggregates, etc. The first one is based on the two-
point statistics of the phase indicator function (which is simply defined as being 1 in 
one fluid, and 0 elsewhere), while the second is referred to as the Minkowski functionals 
of parallel sets (obtained after morphological erosion/dilation of the original system). 
For both case, the observable depends on a morphological parameter (the scale) and 
contain many important information about the system content, shape, morphology and 
topology. The theory underlying these tools and some numerical applications in dense 
liquid-gas flows will be presented.  

Figure 1. Abstract representation of the Minkowski functional and the two-point statistics of 
the phase indicator function. 

a
CNRS, Normandy Univ., UNIROUEN, INSA Rouen, CORIA, 76000 Rouen, France
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Primary instability of stratified two-phase flows in a square duct: 
experimental measurements versus linear stability analysis  

Y. Nezihovskia, A. Gelfgata, A. Ullmanna, and N. Braunera

The onset of the primary instability of two-phase air-water stratified flow in a 
square duct was studied experimentally. Measurements were carried out by a specially 
designed non-intrusive technique. Critical values of the air and water superficial 
velocities corresponding to the primary instability were measured and successfully 
compared with the computationally predicted stability diagram. The experimentally 
measured stable and unstable flow regimes, separated by a numerically calculated 
linear stability boundary, are presented in a plane of the air and water superficial 
velocities, as commonly used in flow pattern maps. Good quantitative agreement is 
obtained between the experimentally measured and numerically predicted critical 
superficial velocities. We observed that instability may set in due to short or long 
waves. The long wave mode is characterized by streamwise wavenumber and 
oscillation frequency values tending to zero. Nevertheless, this mode preserves a finite 
value of the phase velocity. On the other hand, a short wave mode is characterized by 
finite values of the streamwise wavenumber and of the oscillation frequency. 

Figure 1: Comparison of experimental 
results with the numerical predictions. 
Flows observed to be stable are shown by 
blue circles, and unstable by red circles. The 
straight lines correspond to a constant 
holdup, whose values are sown near the 
lines and outside of the graph frame. 

A comparison of the measured and calculated oscillation frequencies is more difficult 
than that of the critical superficial velocities, and can be done only for the short-wave 
modes. The qualitative agreement obtained between predicted and measured 
frequencies of the critical perturbations indicates that the numerically predicted 
frequencies are in the range of the experimentally observed ones. At low superficial air 
velocities, long wave instability is predicted.  Based on the experimentally obtained 
spectra of the interface oscillations, we offer some arguments favouring a conjecture 
that the long-wave instability is indeed encountered at low superficial air velocities.

a School of Mechanical Engineering, Faculty of Engineering, Tel Aviv University, Tel Aviv 6997801, 
Israel 
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Effect of thermo-capillarity in turbulent emulsions 

H. Valdeza, J. Cousina and J. C. Brändle de Mottaa 

Surface tension plays an important role in applications where mass or heat transfer 
processes are involved such as cooling methods, material processing or painting1. The 
variations of the forces induced by this phenomenon are directly affected by 
temperature gradients. In this communication, the effects of the interfacial forces driven 
by in-homogeneous surface tension is studied. Two main contributions should be 
considered: the variation of the pressure jump due to the local modification of the 
surface tension and the Marangoni force related to the surfacic temperature gradient. 

The Navier-Stokes equations coupled with the heat equation are solved. The 
coupled level-set volume-of-fluid method is applied to account for two-phase flow2. 
The variation of the surface tension and the temperature surfacic gradient, needed to 
compute the Marangoni force, is computed applying a novel approach on the coupled 
Level-set Volume-of-fluid framework. The implementation of the new approach is 
validated through analytical solutions and well documented test cases like 2D and 3D 
case single droplet submitted to a thermocapillary motion3 and planar interface subject 
to a perpendicular thermal gradient1. 

Then, a homogeneous isotropic turbulence case is studied to analyse the influence 
of a thermo-capillarity on two-phase flow emulsions2. Different density, viscosity and 
thermal conductivity ratios are considered as well as different Weber, Marangoni and 
Reynolds numbers. The macroscopic statistics are evaluated in order to quantify the 
impact of variable surface tension. The local quantities at the interface are also analysed 
to enhance the understanding of this problem. 

Figure 1: Two-phase homogeneous isotropic turbulence case with heat transfer and 
evaporation similar to the case explored in this communication (acknowledgements ref. 2). 

a
 UMR6614 CORIA, Université Rouen Normandie / INSA Rouen Normandie, France 

1
Ma and Bothe, Int. J. Multiph. Flow 37 1045 (2011)

2
Germes Martines et al., Int. J. Multiph. Flow 143 (2021)

3
Hopp-Hirschler et. al., Comput. Fluids 176 1 (2018)
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Influence of gas turbulence on two-fluid atomization 

O. Tolftsa, N. Machicoanea

Atomization finds many industrial applications such as rocket engines, agriculture, 
products manufacturing, etc. In coaxial two-fluid atomization, a liquid jet is broken 
into a cloud of droplets by a surrounding gas jet. It is a canonical multiphase flow 
problem in which the interaction of both jets leads to interfacial instabilities, that play 
a major role in the breakup process of the liquid jet. Observations and scaling laws of 
relevant atomization metrics (e. g. instabilities, droplet sizes) show some level of 
contradictions between different studies. The influence of the nozzle geometry has 
been highlighted as one cause for discrepancies but fails to explain the differences 
between the existing scaling laws. The turbulent intensity in the gas flow could be a 
key element to explain these discrepancies, as well as to further the understanding of 
breakup processes, as it has not been accounted for in past work. The wide range of 
applications, going from free jets to confined jets, presents various turbulence 
intensities and further justifies evaluating the role of this parameter independently 
from other atomization parameters. 

Matas et al.1 showed that the wavelength of the initial interfacial instability is 
affected by changes in the turbulence intensity of the gas flow, in the case of planar 
gas-assisted atomization, see Fig 1. However, its influence on the remaining 
fragmentation processes remains to be studied. To do so in a general context, we use a 
coaxial two-fluid atomizer with tuneable turbulent intensity in the gas flow. This 
experimental study focuses on the near field of the atomizer. In addition to instability 
characteristics, the detailed statistics and temporal dynamics of the liquid core length 
will be presented. This length is defined as the longitudinal extent of the portion of 
the liquid jet that is still fully attached to the nozzle. 

a
Univ. Grenoble Alpes, CNRS, Grenoble INP, LEGI, 38000 Grenoble, France 

1 Matas et al., Physical Review Letters. 115, 74501 (2015).

Figure 1: Influence of the gas turbulent intensity on the initial interfacial instabilities in a 
planar gas-assisted atomizer. Left panel: no turbulent forcing in the gas jet. Right panel: 
turbulent forcing in the gas jet, decreasing the wavelength by approximately a factor of 2. 
Image taken from1. 
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A wide-range parameter study for the turbulence-interface 
interactions 

W. Aniszewskia and  J. C. Brändle de Mottaa

This work introduces a numerical study of the interface-turbulence interactions in the 
two-phase flow in context of the droplet breakup during liquid atomization.  We apply 
the Archer code developed at the CORIA laboratory. The study uses an ‘’academic’’
(synthetic) configuration of one or multiple droplets placed in the homogenous 
isotropic turbulence (HIT).  

The purpose of this communication is to present a wide-range parameter study of 
this problem. Notably, we include multiple mechanisms of turbulence forcing, 
including, among others,  the modified Arnold-Beltrami-Childress (ABC) method1 or 
the linear forcing  generator used extensively by our group2. We study a range of 
Reynolds and Weber numbers, by scaling it, varying the physical parameters of the 
fluids, as well as changing the kinetic energy input to the system. An additional aspect 
of our study is the influence of the numerical methods on the resolved flow.  

The results are assessed in 
multiple ways. First, by studying the 
macroscopic evolution of the 
involved scalar fields (interface 
topology and geometry, velocity 
correlations, total interface surface, 
etc.). The second is the study of the 
kinetic energy budget of the two-
phase flow, including numerical 
dissipation. Performance of all 
forcing methods is compared, with 
particular emphasis on maximum 
possible energy input permitted by 
the available grid resolution. The 
study is accompanied by validations 
both for single- and two-phase flows. 

In addition, this project is related 
to the application of Machine 
Learning to analysis of two phase 

flow, and the creation of a two-phase HIT database.  Preliminary results of the 
subsequent analysis are also provided in our communication. 

a
 UMR6614-CORIA, CNRS/Rouen Normandie Unviersité/INSA Rouen Normandie, 76801, France 

1 Mininni et al., Phys. Rev. E 74(1) 1-13 (2006).
2

Duret et al. IJMF  55, pp.130-137 (2013)

Figure 1: An advanced stage of a multiple-droplet breakup 
in the turbulent velocity field.   
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The lift force mechanism on a deformable bubble in shear flows 

N. Hidmana, H. Ströma, S. Sasica and G. Sardinaa

Bubbles rising in a shear flow experience a shear-induced lift force in a direction 
perpendicular to its relative motion. This lift force governs the spatial distribution of 
bubbles in many common applications such as bubbly pipe flows. Depending on the 
bubble properties and the flow conditions, the lift force may push the bubbles 
towards the pipe walls or the center. To predict the correct spatial distribution of the 
bubbles, it is thus essential to have accurate lift force models, and, to develop such 
models, it is crucial to understand the physical mechanisms behind the highly non-
linear behavior of the lift force. Previous studies have identified four different lift 
force mechanisms, and we show, using a theoretical framework supported by our 
efficient 3D multiphase DNS framework1, how the characteristic bubble-induced 
vorticity can explain these mechanisms. In the numerical framework, we use the open-
source code Basilisk2 and implement a PID-controlled moving reference frame 
technique to efficiently follow the motion of the fast-rising bubbles over relatively 
long spatiotemporal scales. We use our numerical framework to examine how the net 
lift force coefficient CL scales with the shear rate in conditions governed by the 
different mechanisms. Our findings show that the CL scales differently and changes 
its sign depending on the governing lift force mechanism and the shear rate. Our 
results increase our understanding of the physical mechanisms generating lift and 
identify under what conditions the shear rate should be considered when developing 
new and improved lift force correlation. 

a
Dep. Mechanical and Maritime Sciences, Chalmers University of Technology, Gothenburg, Sweden 

1 Hidman et al., Int. J. Multiph. Flow 150, 103976 (2022).
2 Popinet, Basilisk flow solver and PDE library, http://basilisk.fr 

a) b) 

Figure 1:  (a) Bubble shapes at increasing non-dimensional shear rate Sr in low Re-number 
conditions with relatively weak surface tension (high Eötvös number). (b) Corresponding lift 
force coefficient against Sr. 
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Developing Acoustic Emission Techniques to Characterize 
Particle-Gas Flows 

Fria Hosseina, Massimiliano Matterazzia, Matteo Errigoa, Paola Lettieria, 
Panagiota Angelia 

The characterization of particles in solid-gas flows is of great importance in many 

industrial sectors such as nuclear energy and pharmaceuticals industries. Acoustic 

techniques can provide non-intrusively, multi-point measurements in non-transparent 

systems and can complement other techniques e.g., optical sensors, x-ray.  In this work, 

acoustic emission (AE) techniques are applied to the study of gas-solid fluidized beds.  

The experimental setups, measurement method and signal processing methodology of 

the acoustic emission signal for obtaining particle size distribution, particle velocity in 

solid-gas fluidized bed are discussed. The experiments were conducted in a vertical tube 

with a 14 cm inner diameter, made of borosilicate glass, that contains 2 kg glass particles 

with density of 2500 kg/m3. The AE signals were measured experimentally for different 

particle sizes ranging from 100 μm to 1 mm. The measurement technique is based on 

the measurement of signal frequency, energy and root mean square (RMS) of the 

generated acoustic emission signal, to obtain particle velocity and particle size in the 

solid-gas flows. The results indicated that the acoustic emission features, root mean 

square RMS and energy of the AE are related to the change in gas superficial velocity 

and particle size, while the frequency of the generated AE signal is related to the particle 

size. A theoretical model is proposed for the generation of acoustic emission from the 

collision of particles with reactor wall. This study indicated that the AE features have 

great potential in the application of gas-solid flows.  

a
Department of Chemical Engineering, University College London, London, WC1E 7JE, United 

Kingdom. 
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Turbulent evaporating jet sprays and modeling of respiratory flows
F. Picanoa, J. Wangb, F. Dalla Barbaa, A. Rocconb, G. Sardinac and A.

Soldatib 

Turbulent sprays are complex multiphase flows where two or more distinguished 
phases move together, mutually exchanging mass, momentum, and energy. These 
flows play a crucial role in many industrial applications and in a large variety of natural 
and environmental processes, whose significance has been further emphasized during 
the outbreak of the COVID-19 pandemic since respiratory events like sneezing, 
coughing and speaking are kinds of turbulent sprays laden with pathogen-bearing 
droplets, see fig 1a. Therefore, it is vital to achieve a satisfactory comprehension of the 
mechanisms governing the process and enhance the model capabilities for 
applications.  

To this purpose, the present study first focused on the evaporation process of 
dispersed droplets within turbulent jets by exploiting high-fidelity Direct Numerical 
and Large-Eddy Simulations data at high Reynolds number. The analysis showed how 
the expected droplet evaporation times/lengths is strongly underpredicted by classical 
models1, e.g. d-square law, so a revision of these models has been proposed for dilute 
spray evaporation2.  

Finally, in order to estimate the virus transmission in relation to respiratory events 
and mask wearing, we proposed a simple and effective framework3 based on turbulent 
evaporation spray models able to evaluate the virus exposure risk as a function of the 
interpersonal distances, see fig 1b where droplet evaporation distances are estimated.  

a
Dep. Industrial Engineering & CISAS, University of Padova, Italy

b
Inst. Fluid Mech. and Heat Transfer, TU-Wien, Austria & Polytechnic Dep., Univ. of Udine, Italy 

c Dep. Mechanics And Maritime Sciences, Chalmers TU, Gothenburg, Sweden 

1 Wang et al., Proc. Nat. American Society 118(37), e2105279118, (2021). 
2 Dalla Barba et al., Phys. Fluids 33, 051701 (2021).
3 Wang et al., J. Royal Society Interface 19, 20210819, (2022).

Figure 1: (a) Sketch of respiratory sprays. (b) Droplet evaporation distance vs initial diameter 
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Particle capture and trapping by large deformable drops 
in turbulent flow

C. Marchiolia, A. Hajisharifia, F.K. Miranda S. Cruza and A. Soldatib

The capture of neutrally buoyant, sub-Kolmogorov particles at the interface of 
deformable drops in turbulent flow and the subsequent evolution of particle surface 
distribution are investigated. Direct numerical simulation of turbulence, phase-field 
modelling of the drop interface dynamics and Lagrangian particle tracking are used. 
Particle distribution is obtained considering excluded-volume effects (EVE), i.e. by 
enforcing particle collisions. Our results show that particles are transported towards 
the interface by jet-like turbulent motions and, once close enough, are captured by 
interfacial forces in regions of positive surface velocity divergence, well correlated 
with high-enstrophy flow topologies. The rate at which particles get trapped at the 
interface is observed to scale with the turbulent kinetic energy of the fluid measured 
within one Kolmogorov length scale from the drop: This scale corresponds to a 
distance comparable to the particle stopping distance. Once captured by the interfacial 
forces, particles disperse on the surface. Excluded-volume interactions bring particles 
into long-term trapping regions where the average surface velocity divergence sampled 
by the particles is zero. These regions correlate well with portions of the interface 
characterized by higher-than-mean curvature. This finding sheds light on the effect 
that particles may have on the drop surface properties, in particular surface tension. 
The convex portions of the interface will be those where particle-induced changes of 
the surface tension and, hence, of drop deformability will be larger.  

Figure 1: Snapshot of particle distribution on the drop surface. Trapped particles
form highly-concentrated filamentary clusters without EVE (left), but appear more 
evenly distributed when EVE are accounted for (right). Image from: Hajisharifi A., 
Marchioli C., Soldati A., J. Fluid Mech. 933, A41 (2022).

Acknoledgment: This work has received funding from the European Union’s Horizon 
research and innovation programme under the Marie Skłodowska-Curie grant 
agreement No. 813948 (COMETE). 
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Emulsions in homogeneous and isotropic turbulence 

Marco Crialesi-Espositoa, Sergio Chibbarob,c and Luca Brandta,d 

Emulsions are a major class of multiphase flows, crucial in industrial process (e.g. food 
and drug production) and ubiquitous in environmental flows (e.g. oil spilling in maritime 

environment). Already at volume fractions of few 
precents, the dispersed phase interacts with pre-
existing turbulence created at large scale, yet the 
interaction between phases and the turbulent energy 
transport across scales is not yet fully understood. 
In this work, we use Direct Numerical Simulation to 
study emulsions in homogeneous and isotropic 

turbulence at 𝑅𝑒𝜆 = 137 (see a render in Figure 1), 
where the Volume of Fluid (VoF) method is used to 
represent the complex features of the liquid-liquid 
interface. 
We consider a mixture of two matching-density 

phases, where we vary volume fraction (0.03 < 𝛼 <
0.5), viscosity ratio (0.01 < 𝜇𝑑/𝜇𝑐 < 100) and 

large-scale Weber number (10.6 < 𝑊𝑒L < 106.5) aiming to of understanding the 
turbulence modulation and the observed droplet size distributions.  The analysis, based 
on the spectral scale-by-scale analysis, reveals that energy is consistently transported 
from large to small scales by the interface, and no inverse cascade is observed. We find 
that the total surface is directly proportional to the amount of energy transported, and 
that the energy transfer in the inertial range provides information about the droplet 
dynamics. We observe the -10/3 and -3/2 scaling on droplet size distributions, 
suggesting that the dimensional arguments which led to their derivation are verified in 
HIT conditions and denser conditions. Finally, we discuss the highly intermittent 
behaviour of the multiphase flow, which can be directly related to the polydisperse 
nature of the flow.  
The study provides some significant observations towards a more comprehensive 
understanding of multiphase turbulence, opening new questions for future studies.  

a FLOW, Department of Engineering Mechanics, KTH Royal Institute of 

Technology, Stockholm, Sweden 
b SPEC, CEA, CNRS UMR 3680, Université Paris-Saclay, CEA Saclay, Gif-sur-

Yvette, France  
c Université Paris-Saclay, CNRS, UMR 9015, LISN, F - 91405 Orsay cedex, 

France 
d Department of Energy and Process Engineering, Norwegian University of 

Science and Technology (NTNU), Trondheim, Norway 

Figure 1: iso-contour at level 0.5 of 

VoF. In the background, vorticity 

magnitude
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Freezing dynamics of an aqueous foam 

K. Bummaa, J. Pierrea, A. Huerreb and T. Séona

 Foam is ubiquitous, particularly in solid state as polyurethane foams are often used 
as thermal insulating materials and metal foams as thermal conductors1. Solid foams 
are often made by making a liquid foam undergo a sudden phase change across the 
whole sample at once, right after releasing a foaming agent in the liquid phase. The so-
lidification  of a foam from the liquid state has been studied numerically in the context 
of metal foams2 , where the main challenge is to solidify before gravity-driven drainage 
destroys the foam structure. 

We studied experimentally the solidification dynamics of an aqueous foam put in 
contact with a cold substrate in a one-dimensional geometry (see fig 1). The foam stud-
ied has bubbles with diameters of a few tens of micrometers, and uses perfluorohexane-
saturated air as gas phase. This allows for a particularly stable foam in which drainage, 
coarsening and coalescence do not occur. We can thus observe phenomenas that are 
inherent to the structure of the foam, and its capillary nature . 

Looking at the solidification front dynamics, we showed the existence of a diffu-
sive regime for the freezing front height during the early times of the experiments 
(t<100s). we further developed a model based on an effective medium approach to 
predict the macroscopic dynamics of the  thickness of the frozen foam as a function of 
the parameters of the foam (temperature, liquid fraction, bubble size). However this 
diffusive behaviour is short-lived as we observe a phase change induced liquid flow 
from the liquid foam towards the solid phase. The freezing front is then substantially 
slowed.  

We believe that foams behave as a model media and that this study paves the way 
towards the phase change of more complex capillary media. 

a Institut Jean Le Rond d’Alembert, Sorbonne Université-CNRS (UMR 7190) , 4 Place Jussieu, F-75005 

Paris, France
b Laboratoire Matière et Systèmes Complexes, Université de Paris-CNRS (UMR  7057), 10 Rue A. Do-

mon and L. Duquet, 75013 Paris, France 
1 Chen et al. Procedia Materials Science 4, 389 – 394 (2014)
2  Cox et al. Eur. Phys. J. AP 14, 87-96 (2001)

Fig1 : Image sequence taken from an experiment (-30°C, 15% liquid). The liquid foam layer 
appears green because fluorecein is use to visualise the phase change. 
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A numerical vinaigrette: A myriad of interfacial singularities with 
surfactants 

Fuyue Lianga, Juan P Valdesa, Lyes Kahouadjia and Omar K Matara 

Emulsions are of primary interest in modern engineering research given their heavy 
usage both in our daily life and in high-end industrial applications. The addition of 
surfactants, either as additives or as contaminants, can influence both the mixing 
efficiency and the final quality of the mixed product. Therefore, understanding and 
accurately predicting the outcome of such scenarios is very important, as it facilitates 
rapid optimisation of the process. In this study, we consider two immiscible liquids, 
oil and water, stirred by a pitched blade turbine (PBT) in a cylindrical vessel. We 
investigate the effect of impeller speeds (that lead to the Reynolds number in the 
range Re=5663-56632) and the presence of soluble surfactants. Massively parallel 
three-dimensional simulations combined with our high-fidelity hybrid front-tracking 
level-set interface capturing algorithm1 are employed. 
     In the absence of surfactants, the rotating impeller introduces a primary vortex 
(reported previously in the literature for idealised rotational flows), as well as several 
secondary vortical structures resembling vortex breakdown, blade-tip vortices, and 
Moffatt vortices. These structures lead to lifting of the water phase around the vessel 
wall, while the oil in the centre is pulled downwards, resulting in a deformed interface 
with a helical shape composed of four rotating curtains. As the rotational frequency 
increases, the interfacial deformation is accelerated, producing ligaments which 
subsequently break into small droplets. For very high rotational speeds, the flow 
becomes extremely complex with a multitude of interfacial singularities: atomization, 
creation of ligaments, breakup and coalescence of drops, all occurring simultaneously. 
The addition of surfactants lowers the local interfacial tension and generates interfacial 
surfactant concentration gradients that give rise to Marangoni stresses. We study the 
effect of these stresses on the mechanisms and flow phenomena accompanying the 
mixing process by exploring various values of surfactant elasticity and the Biot 
number. By analysing the drop size distribution at steady state for both surfactant-free 
and surfactant-laden systems, we highlight the fact that higher impeller speeds lead to 
a larger number of dispersed drops until drop coalescence dominates breakup; the 
presence of surfactant is associated with interfacial rigidification, suppression of end-
pinching2, and promotion of tip-streaming.

Acknowledgement: This work is supported by the EPSRC MEMPHIS
(EP/K003976/1) and PREMIERE (EP/T000414/1) Programme Grants 

a
Dep. Chemical Engineering, Imperial College London, London SW7 2AZ, UK 

  1 Shin et al., J. Comp. Physics 359, 409(2018)
  2 Constante-Amores et al., Phys. Rev. Fluids 5, 084007(2020)
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A volume-of-fluid method for multicomponent evaporating 
two-phase flow 

Salar Zamani Salimia, Nicolo Scapin b, Andrea Grubera,c and Luca 
Brandta,b

Pure fluids are rarely encountered in nature and working fluids that are used in 
industry are no exception. For instance, liquid fossil fuels and renewable liquid 
biofuels are mostly multicomponent mixtures of organic compounds such as 
hydrocarbons or alcohols. To illustrate the role of multiple chemical compositions in 
evaporation we extended our previously developed VoF-based numerical method for 
weakly compressible phase-changing flows1 to the case of multi-component 
evaporation. Compared to the single-component counterpart, the presence of N 
evaporating species requires to solve N transport equations in the gas phase imposing
a Dirichlet boundary condition at the moving interface, while N-1 transport equations 
are solved in the liquid phase imposing a Robin boundary condition at the interface. 
This strategy ensures not only the conservation of the transported species in both 
phases, but also the correct estimation of the mass fluxes (both the overall and the 
contribution from every species).  

The resulting approach is built on top of a second-order accurate two-fluid Navier-
Stokes solver coupled with an algebraic volume of fluid method (MTHINC) and 
extended with one equation for the thermal energy and the required number of 
transport equations for the vaporized liquid species. The method is first tested against 
the canonical benchmark of static and isolated droplet neglecting thermal effects. 
Moreover, the complex cases of non-isothermal evaporation both in laminar and 
turbulent conditions will be addressed and discussed. Finally, we will examine the 
influence of turbulence on evaporation and compare evaporation rates to the laminar 
case. 

E-mail: salarzs@kth.se

a
Dep. of Energy and Process Engineering, Norwegian University of Science and Technology 

(NTNU), Trondheim, Norway 
b

Dep. of Engineering Mechanics, Royal Institute of Technology (KTH), Stockholm, Sweden 
c

SINTEF Energy Research, Thermal Energy Department, Trondheim, Norway 

1 Scapin et al., J. Comput. Phys. 407, 109251 (2020).
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Particle-bubble collisions in a turbulent flow: 
An experimental study with 4D PTV and TPIV

A.-E. Sommer1, S. Heitkam1,2 and K. Eckert1,2 

The analysis of collisions between particles and bubbles in a turbulent flow is a 
fundamental problem of high technological relevance, e.g. for the separation of 
valuable mineral particles by froth flotation. That relevance contrasts with an apparent 
lack of experimental data and insights into this collision process. For that purpose, a 
periodic bubble chain is considered to investigate the collision of millimeter-sized 
bubbles with polystyrene (PS) model particles. The study focuses on fine particles 
(diameter = 33µm and 95µm). The separation of these inertialess particles poses a 
challenge in froth flotation, due to their low collision probability. In the experimental 
investigation, we apply 4D Particle Tracking Velocimetry (PTV) to triangulate the 
trajectories of these PS model particles in the vicinity of the freely rising bubbles. 
Suitable criteria are developed which allow the colliding particle trajectories to be 
classified based on distance, radial velocity and residence time. Analyzing the 4D PTV 
data as a function on the polar angle along the bubble surface, we show that the 
collision took place not only at the leading edge but also at the trailing edge of the 
bubble. To assess the impact of the flow field on the collision position, we measured 
the liquid velocity, the turbulent kinetic energy (TKE) and the dissipation rate around 
the freely rising bubbles with Tomographic Particle Image Velocimetry (TPIV). The 
combination of both, the flow field and the collision trajectories, confirm that the 
TKE and dissipation rate in the bubble wake are sufficiently high to enable trailing 
edge collisions.  This new insight improves our understanding of the interaction 
between rising bubbles and fine particles. Incorporating trailing edge collisions into 
available numerical models could expand their spectrum of application and help to 
improve forecasts of recovery in froth flotation. 

Figure 1: Observation of the leading and trailing edge collision of polystyrene particles 
(PS33, PS95) in a rising bubble chain with 4D PTV. 

1
Institute of Fluid Dynamics , Helmholtz-Zentrum Dresden-Rossendorf, 01328 Dresden, 

Germany
2

Institute of Process Engineering and Environmental Technology, Technische Universität 

Dresden, 01062 Dresden, Germany
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Numerical and experimental study of the effects of aeration on 
aerated jet impacts 

B. Berkanea, G. Perreta, G. Pinona, H. Hamdanib,B. Duretb,
J. Reveillonb and F-X. Demoulinb,

The study of impact between a rigid structure and water raised interest of many 
researches in the recent years. This problem concerns various engineering applications 
and particularly in the field of naval engineering (renewable energies, marine 
applications, etc.). 

Studies on this topic highlighted the importance of water aeration on impact1,2,3,4; 
its effect was studied experimentally and numerically. These pieces of research showed 
that impact pressure and the associated force are related to the aeration rate. While 
this phenomenon occurs most often during breaking wave impacts on coastal 
structures, the precise study of this phenomenon is very complex due to the large 
number of involved parameters. 

The present study focuses on an idealized academic configuration: the effects of 
aeration during the impact of a jet on a circular flat plate. For this purpose, a model 
experiment has been developed at the Laboratoire Ondes et Milieux Complexes in Le 
Havre, where an aerated water jet impacts a surface instrumented with piezoelectric 
pressure sensors. The impact velocity, the exit diameter and the aeration rate are 
among the studied parameters. The aeration rate is measured with an optical probe. 

The obtained results are compared with the theory: acoustic pressure, dynamic 
pressure, air cushion effect, etc. In previous published experimental and numerical 
studies, it was observed that the amplitude of the maximum pressure peak is reduced 
compared to the theoretical model predicted by von Karman5 and others. 

a
Normandie Univ, UNILEHAVRE, UMR 6294 CNRS, LOMC 76600 Le Havre, France

b
Normandie Univ, UNIROUEN, UMR 6614 CNRS, CORIA 76801 Saint-Étienne-du-Rouvray, 

France 
1 Ma et al., Physics of Fluids. 28, (2016).
2 Mai et al., Ocean Engineering. 186, 106053 (2019).
3 Mai et al., Ocean Engineering. 193, 106600 (2019).
4 Bullock et al., Coastal Engineering. 42, 291 (2019).
5 von Kármán, National Advisory Committee for Aeronautics, (1929).
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Phase Separation of a Binary Mixture with an External Force Field 

Antonio Bertei and Roberto Mauri1 

Abstract 

The objective of this work is to simulate the phase separation of a regular binary mixture in the presence of an 

external force field. In general, when a partially miscible binary mixture is brought from the stable, single phase 

region  of its phase diagram to the unstable region, it separates into two coexisting phases, corresponding to a 

minimum of the free energy of the mixture. As the mass of each chemical species is conserved, phase transition 

consists of a reordering process, called spinodal decomposition.  

Now, assume that an external force field is applied to the mixture, and that its effects on the species composing 

the mixture are different from each other. For example, the force field can be gravity or an electric field, applied 

to a mixture of fluids having different properties. In all these cases, the external force will enhance demixing: for 

example, gravity will tend to increase the concentration of the heavier species in the bottom of the container and 

the electric field will tend to separate the two species along the direction of the force field. 

Here we show that the non-homogeneity of the composition field induced by the external field may cause, 

locally, a phase transition even when, globally, the system is in a metastable, and even a stable, thermodynamic 

condition. 

1 Lab. of Multiphase Reactive Flow, DICI - University of Pisa, Italy 

Phase separation in the presence of an external force for a mixture within the unstable region (0 

= 0.45, 2/ = 0.80). Maps of the temporal evolution of mass fraction of species 1, , which is 

preferentially pushed upward by the external force. 
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A hybrid DPM-to-VOF approach for modelling the two-phase flow 
regime transition in electric motor cooling

Y. Zhanga,b, G. Vinaya
, and A. Poubeauc

Cooling of electric motors has become a critical aspect owing to the performance 
limitations, especially at high loads. Among the various cooling strategies, the 
impinging liquid jets onto the machine windings is a promising technique due to its 
excellent heat removal capability. This paper presents a hybrid Eulerian-Lagrangian 
model1 that fully describes the injection and film formation process during the direct 
cooling of the electric motors. When the injected jet/spray is far from the wall or film, 
the Lagrangian Discrete Particle Model (DPM) is used to track the motion of the 
liquid phase, which then transforms into an Eulerian Volume of Fluid (VOF) droplet 
when the DPM particle is closer than a critical distance to a wall or an existing liquid 
film. Thus, the Eulerian VOF method is adopted to carry out the whole process of 
impingement and film formation. This hybrid DPM-to-VOF approach has been 
implemented in Converge CFD Software2 and extended to heat transfer. The DPM-
to-VOF method has been validated against several available experimental data3, 
ranging from single droplet impingement to realistic jet/spray cooling4. The results 
indicate that the hybrid model, with affordable computational resources, can predict 
the impingement and film formation accurately compared to Particle-based Thin Film 
Modelling6. 

a
Dep. Numerical Modelling of Energy Systems, IFP Energies Nouvelles, 1&4 av. de Bois-Préau, 

92500 Rueil-Malmaison, FRANCE
b Institute for Energy Research, Jiangsu University, 212013, Zhenjiang, P.R., CHINA 
c

Dep. Mobility and Systems, IFP Energies Nouvelles, 1&4 av. de Bois-Préau, 92500 Rueil-

Malmaison, FRANCE 
1 Arienti et al., J. Eng. Gas Turbines Power 133, 031501 (2011).
2 Convergent Science Inc., W., Madison, “Converge CFD Software, Version 3.0” (2020). 
3 Shedd et al., 47th AIAA Aerospace Sciences Meeting, Orlando, Florida (1996).
4 Adeniyi, PhD, University of Nottingham (2015). 
5 O’Rourke et al., SAE Technical Paper, 961961 (1996).

Figure 1: Spray impingement on a flat plate under cross-flow conditions. Comparison 

between DPM-to-VOF model, Particle-based Thin Film model and experimental results 
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Evaporating Rayleigh-Bénard convection:  

prediction of interface temperature and heat transfer modulation

N. Scapin1, A. D. Demou2 and L. Brandt1,3

We propose an analytical model to estimate the interface temperature 𝛩𝛤  and the

Nusselt number Nu in an evaporating two-layer Rayleigh-Bénard configuration in a

statistically steady condition. The model is based on three assumptions: i) the 

Grossmann-Lohse theory for thermal convection can be applied on both the liquid and 

gas layer separately, ii) vapor perfectly mixes inside in the gas layer, iii) the thermal 

boundary layer at the top and close to the interface in the gas region do not contribute 

to the mean volumetric gas temperature. The resulting estimations allow accounting for 

any Non-Oberbeck–Boussinesq effects in the liquid and in the gas phase, as well as the 

variation of the liquid height due to evaporation, thus representing a more general 

model than the first suggested in [1]. To employ a simplified scaling between Nu and

the Rayleigh number Ra, we then specify the model for the case of an incompressible

liquid (treated within the Oberbeck–Boussinesq assumption) and a gas phase with 

uniform properties except for the gas density which is a function of thermodynamic 

pressure, local temperature and vapor composition. We validate this case using 

interface-resolved simulations of phase change in a low Mach number framework [2] 

spanning two decades of Ra (i.e., Ra=10^6-10^7-10^8) and for four values of the

temperature differential ε=0.05-0.10-0.15-0.20, which modulates the change of state

variables in the gas layer. The proposed model and the initial assumptions agree very 

well with numerical simulations in the entire investigated Ra-ε space.

1 Department of Engineering Mechanics, Royal Institute of Technology (KTH), Stockholm, Sweden 
2 The Cyprus Institute, Nicosia, Cyprus, 

3 Department of Energy and Process Engineering, Norwegian University of Science and Technology 

(NTNU), Trondheim, Norway. 

1 Liu, Hao-Ran, et al. "Heat transfer in turbulent Rayleigh-Bénard convection within two immiscible fluid 

layers." arXiv preprint arXiv:2108.11197 (2021). 
2 Scapin, N., et al. "Finite-size evaporating droplets in weakly compressible homogeneous shear 

turbulence." Journal of Fluid Mechanics 934 (2022). 
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A hybrid Lagrangian Tracking/Volume of Fluid for two-phase 
flows simulation. Application to inline separation. 

H. Atmania, R. Zamanskya, E. Climenta and D. Legendrea

Simulating multiscale two-phase flows characterized by an interface varying over a 
wide range of length scales represents one important and challenging problem for 
CFD. This kind of flows is commonly encountered is two-phase flow separation, 
cavitation and atomisation… Such complex problem involving rupture and/or 
coalescence mechanisms requires the coupling of different approaches such as 
Lagranging Tracking (LT) and Volume of Fluid (VoF) to make possible the simulation 

of all the interface scales3,4. Indeed, using only VoF would require very fine meshes 
and thus not accessible computational CPU and memory to describe the interface 
structure over all the various length scales involved. Most of the proposed methods 
are developed to switch from VoF to LT to describe atomisation process. In the 
present work, we propose a hybrid LT1 to VoF2 approach for the separation of a 
dispersed bubbly flow: bubbles are forced to coalesce to form a gas core. The 
proposed method consists in switching the dispersed phase from the Lagrangian 
framework to the VoF solver when bubbles accumulate and coalesce. Any bubble 
described using LT that enters in contact with the VoF interface is changed into a 
source term for the VoF function.   
This hybrid approach enables us to simulate the separation of millimetric bubbles and 
the formation of a gas core in an industrial inline separator of size 1m. The separation 
occurs thanks to a static swirl element inserted inside the pipe (see Fig. 1). It generates 
centrifugal forces pushing the light dispersed phase to the centre of the separator. 
When the bubbles (in blue in Fig. 1) accumulate after the swirl element, the proposed 
coupling from LT to VoF allows simulating the gas core (in red in Fig. 1). 

      g      

Figure 1: Illustration of the hybrid LT-VoF for the simulation of the inline separation 
of a dispersed bubbly flow at Re=50,000.  The flow is from left to right.  

a
Institut de Mécanique des Fluides de Toulouse (IMFT), Université de Toulouse, CNRS. 2 Allée du 

Professeur Camille Soula, Toulouse, 31400, France. 
1
 Chouippe et al., Physics of Fluids, 26, 043304 (2014). 

2
 Bonometti et al., International Journal of Multiphase Flow, 3, 109-133 (2007). 

3
 Anez et al., International Journal of Multiphase Flow, 325-342 (2019). 

4
 Peters et al., J. Fluid Mech., 894, A19 (2020). 
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Prediction of the mixing efficiency in rotor-stator system for high 
viscous mixtures based on a combined Lagrangian particle 

approach with an Immersed-Boundary Method
Amin Zargarana, Uwe Janoskea 

Rotor-stator mixing systems are the modern industrial solutions for mixing high-
viscous fluids. In spite of the high efficiency and shorter mixing time in comparison 
with previous generation of the mixers, finding the optimal working parameters such 
as rotational velocity and mass flow rate of different fluids is often a challenging task. 
Computational fluid Dynamics (CFD) offers a solution to effectively achieve this goal, 
where different regimes and characteristics of the flow within a rotor-stator mixer 
could be discovered and studied. The standard CFD methods, however, encounter 
two limitations. Firstly, mixing of two fluids is often modelled using Eulerian based 
approaches, i.e., solving a transport equation for volume fraction. Despite all the 
advantages of this method, the numerical solution of the transport equation leads to 
numerical diffusion at the interface of the two fluids. This diffusion is often reduced 
using a higher order numerical scheme or with a finer domain discretization. Both 
methods result in extensive computational cost and in some cases numerical 
instabilities. Secondly, the rotating components are classically modelled using 
approaches such as sliding or dynamic meshes. Both methods require investing 
considerable time in the pre-processing stage, where the later approach is again 
vulnerable to numerical problems e.g., negative volume. In this work, we propose an 
alternative methodology to solve both limitations. To eliminate the diffusion caused 
by solving scalar transport equations, Lagrangian particles are employed. The massless 
particles are used for all phases and serve as a tracer. Since the concentration of each 
phase is calculated based on the distribution of the particles, this method is not 
imposed to numerical diffusion. Regardless of the excessively large number of 
particles, calculation of the particles remains rather efficient, as no complex models, 
for instance collision model, is needed (due to massless assumption). Modelling the 
motion of solid bodies inside the fluid domain is carried out using ABSFoam, an in-
house Immersed-Boundary (IB) library for the open source CFD package 
OpenFOAM. With the aid of the IB approach, not only the motion of the rotor could 
be simply and stably modelled, but also the overall pre-processing stage is shortened, 
as no body-fitted mesh is needed. The combination of the Lagrangian particle tracking 
and IB offers an alternative methodology to quickly conduct sensitivity analysis and 
comparing the numerical results with those from literature shows a good agreement. 

a
Chair of Fluid Mechanics, Faculty of Mechanical and Safety Engineering, University of Wuppertal, 

Gaussstrasse 20, 42119 Wuppertal, Germany 
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Visualization and Modeling of Air - Water Flow in a Rock&Roll 
Ring Flow Loop 

M. Naukanovaa, J. Douzeta, G. Lavallea, A. Cameiraoa and J.M. Herria.

A thorough understanding of gas-liquid flow dynamics plays a key role in the 

design of fluid handling machines. Particularly in oil production and transportation, 

the safety and efficiency of industrial operations depend on accurate prediction of 

flow behaviour. Although research in multiphase flow is extensive, the literature 

devoted to describing flows occurring in coiled geometries are limited, while 

modelling efforts aimed at predicting the characteristics of this complex flow are even 

scarcer. The current work is an attempt to apply known energetic approach for 

solving horizontal two-phase flow to the solution of flow in a coiled tube. 

This talk firstly aimed to show the main outcomes of an experimental study of 

water-air flow under Rock&Roll ring flow loop (Fig. 1a) conditions: flow patterns and 

flow regime map (Fig. 1b). The results of estimating the volume of air bubbles trapped 

in the liquid, attained by image processing of flow snap shots will be then discussed. 

After, an explanation of the idea of energy minimization model1 is followed. The 

accuracy of the model evaluated by comparing simulation results with experimental 

results. Finally, the advantages and future prospects of the entire experimental setup 

for fluid flow applications will be pointed out. 

a Mines Saint-Etienne, Université de Lyon, CNRS, UMR 5307 LGF, SPIN Center, PEG Department, 

42023, Saint-Etienne, France.  

1 Thibault et al., Int. J. Multiph. Flow, 73, 275 (2015).

 Figure 1 – (a) 3D model of Rock&Roll Ring Flow Loop inclined in four positions, (b) Air-

water two phase flow regime map (5% WC, 5° rocking angle)  
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On the stability of bubble chains 

Omer Atasia, Mithun Ravisankarb, Roberto Zenitb and Dominique 
Legendrec 

Bubbles are present in different systems from industrial processes up to everyday life. 
Once generated different bubble behaviours can be observed. For example, Bubbles 
appear when a carbonated drink is poured in a glass. Very stable bubble chains are 
clearly observed in champagne, showing an almost straight line from microscopic 
nucleation sites on the glass surface from which they are continuously formed. In 
some other drinks such as soda, such chains are not straight (not stable). Considering 
pair interactions for spherical clean bubbles1, bubble chains should not be stable 
which contradicts some observations. The aim of this work is to explain the condition 
of stability of bubble chains. For this purpose, experiments and direct numerical 
simulation are presented. The bubble size (see Fig. 1) as well as the level of interface 
contamination are varied. Both are shown to affect the bubble chain stability. A 
criteria based on physical arguments integrating bubble deformation and interface 
contamination is proposed to describe the condition of transition from stable to 
unstable bubble chain. 

a
Laboratoire de Génie Chimique, Toulouse, France

b Brown University, USA. 
c

Institut de Mécanique des Fluides de Toulouse (IMFT), Université de Toulouse, CNRS-Toulouse, 

France 
1 Hallez and Legendre J. Fluid Mech.  2011 

Figure 1: Evolution of bubble line stability when increasing bubble size. 
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Penetration studies of inline impinging jets in subsonic and 
supersonic crossflow. 

D.S. Sebastiana, S.K. Thomasb , Yazhini V.I.c, and T.M. Muruganandamd

In Scramjets, the transverse injection strategy or jet in crossflow is mostly 
preferred due to its better penetration and mixing characteristics. Within few 
milliseconds, fuel has to atomize, mix, vaporize and react well with the oxidizer. Due 
to this, injection strategies play a crucial role in supersonic combustion. Fuel injection 
strategy of impinging jet in crossflow would be beneficial for scramjet and ramjet 
engine due to combined effects of hydrodynamic forces of the liquid jet and 
aerodynamic force of crossflow on atomization. Ruan et al. [2] conducted an excessive 
study on impinging liquid jets without crossflow and concluded that at lower Weber 
number, liquid sheet forms after impingement and it disintegrates into droplets and at 
higher Weber number, droplets form soon after the collision of jets. Lee et al. [3] 
studied impinging jets breakup and spray formation in low subsonic crossflow (the 
plane containing injectors is perpendicular to the direction of crossflow). An injection 
strategy that can be used in ramjet, and scramjet would be investigated in this work.  
To enhance atomization, two liquid jets are made to impinge on each other at 
different angles in the presence of crossflow. The liquid jets are made to impinge each 
other, such that the plane of injectors will be parallel to the direction of air crossflow. 
Hydrodynamic forces of two liquid jets on collision and aerodynamic force of air 
crossflow are the driving factors of atomization in case of impinging liquid jets in 
crossflow. This work aims to compare penetration height and jet trajectory of the 
impinging jet with single injector in case of without crossflow, with subsonic 
crossflow and supersonic crossflow. Momentum flux ratio of injected liquid jets will 
be varied and angle of impinging injectors will also be varied in both supersonic and 
subsonic crossflow. Sample data of liquid jet in supersonic crossflow with single 
injector is shown in Fig 1(a) and Image of inline impinging injector is shown Fig 1(b). 

a

a,b,c and d Dep.Aerospace engineering,IIT Madars, Chennai, India 
1 Ruan et al. At. Sprays 27,1025 (2017) 
2 Lee et al. J. Mechanical Science and Technology 23, 1680 (2009) 
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Figure 1: (a) LJISC from single injector. (b) Inline Impinging injector 
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Contact line catch up by growing ice crystals 

Christophe Josseranda, Rodolphe Griveta, Antoine Monierb, Axel 
Huerrec, Thomas Séonb 

The effect of freezing on contact line motion is a scientific challenge in the 
understanding of the solidification of capillary flows. In this presentation, we 
experimentally investigate the spreading and freezing of a water droplet on a 
cold substrate. In accordance with literature [1,2], we find that solidification and 
temperature do not affect the spreading of the drop until the pinning time. We 
demonstrate that solidification stops the spreading because the ice crystals catch 
up with the advancing contact line. Indeed, using polarized light, we directly 
observe the formation and growth of ice crystals along the substrate during the 
drop spreading (see Fig 1), and show that their velocity equals the contact line 
velocity when the drop stops. Using a simple one directional diffusion argument, 
we model the growth of the crystals, we predict the shape of the crystal front 
and show that the substrate thermal properties play a major role on the frozen 
drop radius[3]. 

____________________________ 
a Laboratoire d'Hydrodynamique (LadHyX), UMR 7646 CNRS-Ecole Polytechnique, IP Paris, 
91128 Palaiseau CEDEX, France 
b Sorbonne Universit e, CNRS, UMR 7190, Institut Jean Le Rond @'Alembert, F-75005 Paris, 
France 
c MSC, Universit e de Paris, CNRS (UMR 7057), 75013 Paris, France 
christophe.josserand@ladhyx.polytechnique.fr 
[1] R. de Ruiter,P. Colinet, P. Brunet,J. H. Snoeijer, & H. Gelderblom, Contact line arrest in solidifying
spreading drops Phys. Rev. Fluids, 2, 043602 (2017).
[2] R. B. Koldeweij, P. Kant, K. Harth, R. de Ruiter, H. Gelderblom, J. H. Snoeijer, D. Lohse, & M. A.

van Limbeek, Initial solidi cation dynamics of spreading droplets, Phys. Rev. Fluids , 6, L121601 (2021).
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High fidelity simulations of the wiping of low viscosity liquid films 

D. Barreiro-Villaverdea,b, A. Gossetc, M. A. Mendezb and M. Lemaa

The jet wiping is a contactless metering technique used in the hop-dip 
galvanization process to accurately control the zinc coating weight on steel substrates. 
A planar gas jets impinges perpendicular to the film, reducing the thickness of the 
coating dragged by a moving strip, and developing a runback flow as sketched in 
Figure 1(a). For some operating conditions, the final product is affected by the 
appearance of long-wavelength patterns in Figure 1(a), usually referred to as 
undulations, due to a two-phase flow instability between the gas jet and the liquid 
film1,2. 

We investigate the hydrodynamic mechanism responsible for the undulation using 
CFD simulations. The numerical model has been validated with experimental data in 
laboratory conditions and combines the Volume of Fluid (VOF) and Large Eddy 
Simulation (LES) methods3. In this work, we analyse an air-water wiping configuration 
of special interest due to the similarity of the liquid film flow with respect to the one 
in industrial galvanization. The computations are parallelized in 512 processors, 
requiring approximately 2000 h of computational time per second of real flow, and 
generating more than 10 TB of high-quality data as illustrated in Figure 1(b). The data 
is post-processed using multiscale modal analysis to detect the main undulation 
patterns and to correlate them with specific features in the gas jet. 

a
Universidade da Coruña, CITIC Research, A Coruña, Spain 

b
von Karman Institute, Environmental and Applied Fluid Dynamics, Sint-Genesius-Rode, Belgium 

c
Universidade da Coruña, Technological Research Center (CIT), Ferrol, Spain 

1 Gosset et al., Exp. Therm. Fluid Sci. 103, 51-65 (2019).
2 Mendez et al., Exp. Therm. Fluid Sci. 106, 48-67 (2019).
3 Barreiro-Villaverde et al., Phys. Fluids 33 (2021).

(a) (b) 

Figure 1: (a) Sketch of jet wiping and experimental visualization of the undulation. (b) 3D 

representation of the liquid film with the velocity field at the midplane of the domain. 
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Universal Performance Curves for Gas-Liquid Centrifugal Pumps 

L. E. M. Carneiroa, G. S. O. Martinsb, C. M. P. Roseroa
,

J. B. R. Loureiroa,b and A. P. Silva Freirea,b 

Centrifugal pumps are present in many industrial applications. For single-phase flows 
of a given pump design the performance curves are mapped and described in terms of 
well know dimensionless groups. For two-phase gas-liquid flows, the situation is more 
complicated, for performance curves are known to depend on the shaft angular speed 
and the gas-fraction (Minemura and Murakami (1985), Poullikas (2003))(Fig 1a). In the 
present work, a new parametrization scheme is advanced for the capacity coefficient, CQ

(=Q/D3), and the head coefficient, CH (=gH/2D2), in terms of C (= D/VM,

 = angular velocity, VM = mixture velocity) and  (no-slip gas fraction). The new 
parametrization is capable of producing universal performance curves that capture the 
positions of performance degradation (CQcritical and CHmaximum) and the appearance of 
surge (Fig. 1b-c). The new expressions are supported by a comprehensive set of 
experiments, carried out for volume gas fractions up to 12% and four rotational 
speeds. The conditions are such as to cover the four different flow patterns described 
in Monte Verde et al. (2017). The experiments are conducted for water and air and 
obtain local data through Particle Image Velocimetry and the Shadow Size Technique. 
The experiments characterize the flow patterns in the suction, inside and discharge 
regions of the pump through global and local parameters (pressures, velocities, bubble 
diameter distributions). The work confirms the rotation speed as an important 
parameter in the performance of gas-liquid systems and shows its relation to bubble 
breakup and the definition of the four observed flow patterns. 

a
Mechanical Engineering Program (PEM/COPPE/UFRJ), Rio de Janeiro, Brazil.

b
Interdisciplinary Center for Fluid Dynamics (NIDF/UFRJ), 21941-972, Rio de Janeiro, Brazil. 

1 Minemura and Murakami, Bulletim of JSME 28, 2310 (1985).
2 Poullikkas, Progress Nuclear Energy, 42, 3 (2003).
3 Monte Verde, Biazussi, Sassim and Bannwart, Exp. Thermal and Fluid Science, 85, 37 (2017).

Figure 1: (a) The four typical flow patterns in a centrifugal pump. (b) Dimensionless 

performance curves. (c) CQcritical parametric dependence on . 
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Numerical Simulations of Alkaline Water Electrolysers 

M. Kerhouanta, T.Abadiea, R.Venuturumillib, A. Nicolleb and O.K.
Matara

Alkaline water electrolysers are commonly used for the industrial-scale production 
of hydrogen. Operating at high current densities leads to enhanced hydrogen 
production but reduced cell efficiency, partly due to ohmic losses from the gas-liquid 
flow. Gas blockage of the electrode surface and reduced effective electrolyte 
conductivity from increased void fraction are key contributors to these losses. We 
perform three-dimensional transient numerical simulations of an electrochemical cell 
under galvanostatic conditions, modelling the multiphase flow and the 
electrochemistry with the OpenFOAM libraries. We use a multifluid Eulerian model 
to simulate the bubbly flow, with oxygen and hydrogen as dispersed phases and the 
electrolyte solution as the continuous phase. The current distribution in the electrolyte 
is coupled to the Butler-Volmer equation at the electrode surfaces and governs the 
local gas generation rate through Faraday’s law. We investigate both free convection 
[1] and forced convection [2] configurations over a range of current densities, and
compare void fractions, velocity profiles, turbulent intensity and cell potential with
experimental results to validate our model. We then explore the impact of bubble size,
distribution, and inter-phase coupling terms on the flow in the cell and observe the
formation of waves along the electrode surface. We study the phenomena which give
rise to these waves, and their impact on cell operation. Improved modelling and
understanding of the flow within alkaline water electrolysers paves the way for
optimisation of cell design and operation from a fluid mechanics perspective.

Acknowledgements: This work is supported by EPSRC Programme Grant
PREMIERE (EP/T000414/1). The authors would like to acknowledge funding for 
M.K through an ICASE studentship co-funded by EPSRC and bp, as well as technical
support from bp through the bp-ICAM.

a
Dep. Chemical Engineering, Imperial College London, South Kensington, London, SW7 2AZ, UK 

b
bp, Sunbury-on-Thames, TW16 7LN, UK  

1 Boissonneau and Byrne, J. Applied Electrochemistry. 30, 767 (2000).
2 Riegel et al., J. Applied Electrochemistry, 28, 10 (1998).
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Corner flow: stability of a liquid film wrapping a cylinder 

Si Suoa, Shervin Bagheria 

Capillary flows in confined geometries, such as corners, wedges, or slits, are 
ubiquitous in nature and industry, e.g., drainage in soils, surface coating and wetting of 
complex surfaces, mechanical microfluidics, etc. In this work, we focus on a basic 
configuration, i.e., a liquid film wrapping a cylinder, as shown in Figure 1(a). With the 
help of the lubrication theory and Navier-slip boundary conditions, the Navier-Stokes 

equation is simplified to a governing equation regarding film thickness h, as shown in 
Figure 1(b). We study the film stability by carrying a linear perturbation analysis on its 
equilibrium state. The stability analysis provides a dispersion relationship, i.e., the 

growth rate ω vs. wave number n, indicating the critical stability condition (ω=0) and

the number of break-up drops (ωmax). Furthermore, we compare our linear predictions 
with thin film equations with disjoining pressure model. The results of these two 
models are well matched, especially with respect to break-up drops. The conclusions 
of this work may pave the way to controllable droplet morphology in artificial porous 
media. 

(a)  (b) 
Figure 1 (a) 3D sketch of a liquid film wrapping a cylinder; (b) axisymmetrical model. 

a
Department of Engineering Mechanics, FLOW Centre, KTH, Stockholm SE-100 44, Sweden
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Figure 1: Temperature spectra 
as funtion of void fraction. 
Inserts are temperature spectra 
compensated with -3 (bottom 
left) and -5/3 (top right). 

Transport of a Passive Scalar in Multi-phase Turbulence 

P. Waasdorpa, O. Y. Dunga, C. Sunb, S. G. Huismana and D. Lohsea,c

We study the modification of the spectrum of a passive scalar in a turbulent flow 

(Reλ = 130), due to the injection of large bubbles. While the spectral modification 
through bubbles is well known and well analysed for the velocity fluctuations, little is 
known on how bubbles change the fluctuations of a passive scalar. Here we study the 
thermal spectral scaling behaviour of a turbulent thermal multiphase mixing layer. A -
3 spectral scaling is revealed by injecting large bubbles (Rebub = O(102)) with gas 
volume fractions up to 5%. At intermediate frequencies, the classical -5/3 slope is 
present, however it is followed by a -3 slope for larger frequencies. This -3 scaling 
range extends with increasing gas volume fraction. The -3 scaling range coincides with 
the typical energy spectral scaling for the velocity fluctuations in high Reynolds 
number bubbly flow. A frequency scale for the transition from -5/3 to -3 scaling is 
identified. 

Probability density functions of the velocity and temperature for void fractions up 
to 5% were investigated. Velocity variance shows an increase with increasing void 
fraction, whereas temperature variance shows a marginal decrease. Investigation of the 
small-scale statistics of temperature increments show an increase in kurtosis for multi-
phase flow, as compared to single-phase, implying enhanced intermittency due to 
rising bubbles. This is attributed to enhanced mixing due to the bubbles. The bubbles 

smoothen the small-
scale temperature 
fluctuations, leaving only 
large-scale fluctuations. 
Salt is added in varying 
concentrations (0%–2%) 
to change the bubble 
size and study its 
influence on the 
transition frequency. 

a
Physics of Fluids Group, J. M. Burgers Center for Fluid Dynamics and Max Planck Center Twente, 

Faculty of Science and Technology, University of Twente, P.O. Box 217, 7500 AE, Enschede, The 
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b
Center for Combustion Energy, Key Laboratory for Thermal Science and Power Engineering of 

Ministry of Education, Department of Energy and Power Engineering, Tsinghua University, 100084 
Beijing, China 
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Effect of mixing chamber geometry of a Y-jet atomizer on spray 
asymmetry 

M. R. Barbieria, A. Karlina, L. Achelisa and U. Fritschinga,b

Typically applied in processes involving combustion, propulsion systems and FCC 
units in the oil industry, internal-mixing twin-fluid atomizers provide the first contact 
between the gaseous and liquid phases inside the nozzle. Among their configurations, a 
specific design of interest for this study is the “Y-jet” layout, which refers to the angled 
arrangement between the gas and liquid jets for impingement in the internal mixing 
chamber. Promoting a turbulent two-phase flow is, therefore, essential for efficient 
atomization, and one way to improve this is by optimizing the geometry of the nozzle.  

For the Y-jet atomizer, in addition to the impingement angle, several geometric 
parameters have already been investigated1,2,3. However, there is still lack of 
investigation regarding the spatial distribution of droplet sizes and velocities in the spray 
of a Y-jet atomizer, especially the spray asymmetries that this type of configuration can 
generate and the impacts of the geometric changes on these responses. 

 A specific design of the Y-jet nozzle is, therefore, investigated. It has two inclined 
liquid inlets positioned 180° from each other being disrupted by a high velocity air jet 
from above. The three jets impinge within a conical chamber before exiting the 
atomizer. The operation of this type of atomizer at low gas-to-liquid mass flow ratios 
may lead to asymmetries of the spray droplet sizes and velocities when evaluated in 
different measurement planes, particularly because of its non-axisymmetric liquid inlet 
configuration, which tends to accumulate more liquid in one region of the spray rather 
than the other.  

Based on this fundamental design, an investigation is conducted for derivation of 
the effect of the length and opening angle of the internal mixing chamber on the spatial 
distribution of velocities and droplet sizes of a spray acquired with a phase-Doppler 
anemometer, as well as the effects of these geometric parameters on spray asymmetry, 
using air and water as working fluids.  

The measurement points on the spray centerline show, in general, a slight decrease 
in axial velocity away from the nozzle exit, while the droplets slightly increase in size. 
When observing different radial positions in the two perpendicular measurement 
planes, the droplet sizes and velocities are inversely proportional, and the three 
geometries analyzed showed less difference in velocities between both planes as the 
measuring point moved away from the spray centerline. The geometry with the shortest 
chamber length and largest opening angle showed the smallest sizes and the lower 
asymmetry between the measurement planes. 

a
Particles and Process Engineering, Faculty of Production Engineering, University Bremen, 

Bibliothekstr. 1, 28359 Bremen, Germany
b

Leibniz Institute for Materials Engineering IWT, Badgasteiner Str. 3, 28359 Bremen, Germany 
1 Azevedo et al., Atomization and Sprays 23, 193 (2013).
2 Kushari, Fuel Processing Technology 91, 1650 (2010).
3 Pacifico and Yanagihara, J. Braz. Soc. Mech. Sci. Eng. 36, 13 (2014).
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Towards an Understanding of Multiphase Fluid Dynamics inside a 
Tool Microchannel Applied to Minimum Quantity Lubrication: 

A Numerical Analysis 

L. Bussa,b, M. Falconea and U. Fritschinga,b

The goal of reducing oil consumption for lubrication of machining processes can be 
achieved by means of Minimum Quantity Lubrication (MQL). In Minimum Quantity 
Lubrication, the cutting fluid is a mixture of air and oil where only a small amount of 
the latter is added to the mixture. However, this reduced oil consumption must not be 
detrimental to the effectiveness of the machining process. In order to analyse the 
performance of Minimum Quantity Lubrication, the two-phase fluid dynamics of the 
MQL dispersion fluid has to be investigated. In the present work, this two-phase flow 
for internal lubrication of a drilling process has been studied by means of numerical 
modelling and simulation based on an Eulerian-Lagrangian-Eulerian model. The 
Eulerian-Lagrangian-Eulerian model can describe the transition between the aerosol 
and wall liquid film two-phase flow. Attention has been focused on the flow in the 
internal microchannel of a twist drill, where very high velocity (here, ~300 m/s) of the 
gas and droplets are observed. A parametric study has been carried out in order to 
disclose the effect of three different relevant parameters (oil droplet diameter, oil mass 
flow rate at the microchannel inlet, and the drill bit rotational speed) on the MQL 
cutting fluid flow quality inside the drill bit microchannel and at the microchannel 
outlet. The numerical results indicate that the oil flows out of the domain practically 
only in the form of a liquid film, and almost no droplets can be found at the outlet of 
the microchannel. The investigated parameters presented influence on different local 
and global quantities, for instance, film coverage, average film thickness, and mass 
transfer from the discrete droplets to the liquid film. Figure 1 presents a sketch of the 
drill bit with the internal microchannel highlighted in Figure 1a. 

a
Dep. Mechanical Engineering, University of Bremen, Germany

b
Dep. Process Engineering, Leibniz Institute for Materials Engineering – IWT, Bremen, Germany 

Figure 1: Sketch of the drill bit: (a) perspective view, the internal microchannel is highlighted; 
(b) top view, cross section diameter of the microchannel is 0.7 mm; (c) side view, length of drill
bit is 81.5 mm.
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An efficient pressure-correction method for the two-fluid model 

N. Mastroiannia, N. Scapina and L. Brandtab

Suspension flows are omnipresent in natural phenomena (haemodynamics, subsurface 
fluid mechanics, etc.) and industrial applications (hydraulic plastic separation, fluidized 
beds, etc.). Despite their ubiquitous nature, however, the behaviour of such flows still 
resists basic understanding and raises several unsettled questions, thus making them 
notoriously challenging to model.1 Continuous, reduced-order models have been 
proposed and are still widely used to predict particle diffusion phenomena for non-
Brownian suspensions in inertialess flow conditions and simple geometries. However, 
such models are often built upon restrictive assumptions which make them unsuitable 
to characterize more complex flows. In two-fluid models (TFMs), the fluid and the 
particle phase are described as two interpenetrating continua, each with its own 
continuity and momentum equations, without the requirement for additional limiting 
assumptions. Due to their general formulation, TFMs can be readily extended so as to 
include a variety of physical phenomena, on the condition that appropriate closure 
models are available to describe them.2 

The most typical implementations of TFMs use costly iterative procedures, such as 
the SIMPLE and the PISO algorithm. Here we propose a versatile tool based on an 
efficient pressure-correction method that allows us to solve the TFM for a wide range 
of Reynolds numbers and particle volume fractions, in a variety of two-dimensional 
and three-dimensional geometries. The validation of our implementation against a 
number of benchmark tests of increasing complexity is presented, as well as novel 
results. 

a
Dep. Engineering Mechanics, Royal Institute of Technology (KTH), Stockholm, Sweden

b
Dep. Energy and Process Engineering, Norwegian University of Science and Technology (NTNU), 

Trondheim, Norway 
1 Guazzelli and Pouliquen, Journal of Fluid Mechanics 852, P1 (2018).
2 Municchi et al., International Journal of Multiphase Flow 120, 103079 (2019).

Figure 1: Particle migration in an L-shaped channel. 
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What determines the length of a liquid jet surrounded by a gas jet? 

O. Tolftsa, N. Machicoanea

The destabilization of a liquid jet into a cloud of small droplets by a surrounding 
gas jet is a process that is often used in applications such as manufacturing, 
combustion, or fire safety. This phenomenon is thoroughly studied in the canonical 
context of coaxial two-fluid atomization. Close to the atomizer exit, the stresses 
imposed by the gas flow deform and break the liquid jet into a spray. A first-glance 
large-scale metric consists of the liquid core length, corresponding to the extent of the 
liquid jet that is still connected to the atomizer. This metric was studied early on and 
has proven relevant for applications and modeling purposes. While scaling laws of the 
liquid core length along variations of the spray operating parameters were widely 
proposed, past studies focused solely on its average value, despite the turbulent nature 
of the two-phase flow forming the spray.  

We present an experimental study of coaxial two-fluid atomization using high 
spatial and temporal resolution back-lit imaging and study the statistics and dynamics 
of the liquid core length. We show that the statistics are non-Gaussian, and are solely 
driven by one parameter, the gas-to-liquid dynamic pressure ratio M (Fig. 1). We also
propose a parametric expression that collapses all experimental distributions. In 
addition, the liquid core length timescales are found to be mostly driven by the 
turbulent gas jet, with a secondary weak dependency on the liquid Reynolds number. 

a
Univ. Grenoble Alpes, CNRS, Grenoble INP, LEGI, 38000 Grenoble, France 

Figure 1: Probability density functions (PDF) of the liquid jet lengths for different spray 

conditions spanning laminar and turbulent liquid jets. The values of the liquid Reynolds 
number Rel and gas-to-liquid dynamic pressure ratio M are indicated. 
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Jacobian-Free Variational Method for Constructing Connecting 
Orbits in Nonlinear Dynamical Systems 

O. Ashtaria, T. M. Schneidera

In the dynamical systems approach to turbulence, a velocity field is envisioned as an 
individual state, and turbulence is described as a chaotic trajectory transiently visiting 
the neighbourhood of non-chaotic invariant solutions embedded in the state space of 
the governing equations. In this picture, connecting orbits serve as pathways for the 
evolving state bouncing from the neighbourhood of one invariant solution to another1. 
Consequently, understanding the dynamics of turbulent flows in state space requires 
computing connecting orbits of the flow equations. 
 Instead of employing an unreliable shooting method, we pose a minimization 
problem to find connecting orbits between two equilibrium solutions: Among all 
smooth curves between two equilibria, only connecting orbits are integral curves of the 
vector field induced by the governing equations. For a cost function measuring the 
deviation of a trial from an integral curve, the minimization deforms the trial curve until 
it becomes a solution of the flow equations (see Figure 1), and – at a global minimum 
– a connecting orbit has been found.

To compute connecting orbits in high-dimensional dynamical systems including 3D
fluid flows, the minimization cannot rely on the computation of the Jacobian matrix. 
We thus propose a Jacobian-free variational method for constructing connecting orbits 
using an adjoint-based optimization technique. We demonstrate the robustness of the 
method for the spatio-temporally chaotic 1D Kuramoto-Sivashinsky equation, and 
discuss the feasibility of reliably constructing connecting orbits of the 3D Navier-Stokes 
equations. 

Figure 1: Construction of connecting orbits as a minimization problem. 

a
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1 Suri et al., Phys. Rev. E, 100, 013112 (2019)
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Coincident local bifurcations in Fluid Mechanics 

L.R. Pastura, N. Dengb, L. Tuckermanc and B.R. Noackb

Generically, local bifurcations only affect single solution branches (e.g. steady solutions,
periodic limit cycles, etc). However, branches that are quite different may nonetheless 
share certain eigenvectors and eigenvalues, leading to coincident bifurcations, as 
observed in the fluidic pinball at Reynolds number around 68-69 (see figure). The 
mechanism of this non-generic coincidence, modelled and explained, suggests that non-
generic coincident local bifurcations should be found in many other instances in Fluid 
Mechanics [1].  
_________________ 

a Mechanical Engineering Department, ENSTA Paris, Institut Polytechnique de Paris, France

b School of Mechanical Engineering and Automation, Harbin Institute of Technology (Shenzhen),

Shenzhen 518055, China 

c Laboratoire PMMH, CNRS, ESPCI Paris, PSL Research University Sorbonne Université,

Université de Paris, France 

1 Deng et al, Europhys. Lett.. 135, 24002 (2021). 
Figure 1: Bifurcation diagram of the fluidic pinball as the Reynolds number is increased. The 

two coinciding bifurcations occur at Reynolds number around 68 for the steady solution, around 
69 for the limit cycle. Are shown the steady solutions (thin lines) and the mean flow fields in the 
periodic régimes (thick lines). Dashed lines mean that the associated solutions (either steady or 
periodic) are unstable, solid lines that the solutions are stable.  

727



Stabilisation of unstable travelling waves in pipe flow 
using time-delayed feedback 

T. Yasudaa and D. Lucasa

Time-delayed feedback (TDF), initially proposed by Pyragas1, is a method known to 
stabilise periodic orbits in low-dimensional chaotic dynamical systems. Using this 
method, Lucas and Yasuda2 recently achieved successful stabilisation of nonlinear 
travelling waves and equilibria from two-dimensional incompressible Navier-Stokes 
turbulence. Notably, this was done by time-stepping a modified set of equations, thus 
avoiding costly root-finding iterations. This merit can be appreciated in other more 
complex flows, and hence this study aims to establish a TDF approach to stabilise 
nonlinear travelling waves in turbulent pipe flow. We perform direct numerical 
simulations of pipe flow with TDF using the Openpipeflow code3. As a preliminary 
investigation, we attempt to stabilise three unstable travelling-wave solutions in 
respective symmetric subspaces whose unstable eigenvalues constitute only complex 
conjugate pairs4. Although these travelling waves provide a good starting point for 
TDF stabilisation in pipe flow due to being weakly unstable and avoiding odd-number 
limitation5, we found it difficult to stabilise them using the standard form of TDF 
with a single delay time. Interestingly, however, successful stabilisations were achieved 
when using multiple delay feedback control6 alongside the adaptive method of 
determining the streamwise phase translation of the delayed states2. One example of 
such stabilisations is shown in Figure 1, indicating the time series of energy dissipation 
rate and streamwise phase velocity. In this talk, we will present more extensive results 
to show the effectiveness of this method in turbulent pipe flow.  

Figure 1: Time series of normalised energy dissipation rate (left) and streamwise phase 

velocity (right) for stabilisation of an unstable travelling wave from turbulent pipe flow. 

a
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1 Pyragas, Phys. Lett. A, 170, 421 (1992).
2 Lucas and Yasuda, Phys. Rev. Fluids, 7, 014401 (2022).
3 Willis, SoftwareX, 6, 124-127 (2017).
4 Willis et al., J. Fluid Mech., 721, 514-540 (2013).
5 Nakajima, Phys. Lett. A, 232, 207-210 (1997).
6 Ahlborn and Parlitz, Phys. Rev. Lett., 93, 264101 (2004).
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Variational methods for finding periodic orbits in turbulence 

J. P. Parkera and T. M. Schneidera 

Unstable periodic orbits are believed to underpin the dynamics of turbulence, but by 
their nature are hard to find computationally. Historically the most successful methods 
have been based on shooting, i.e. optimising an initial condition so that when its 
trajectory is followed, it reintersects with the initial condition. These shooting 
methods typically require very good initial guesses for convergence to be achieved. 
Alternative methods based on deforming a closed loop until it is everywhere tangent 
to the dynamical system have shown promise in converging less accurate initial 
guesses1,2, but several complications exist when applying these to fluid dynamics. We 
present a family of methods to converge unstable periodic orbits for the 
incompressible Navier-Stokes equations, based on variations of an integral objective 
functional, and using traditional gradient-based optimisation strategies. Different 
approaches for handling the incompressibility condition are considered. The 
variational methods are applied to the specific case of periodic, two-dimensional 
Kolmogorov flow and compared against existing Newton iteration-based shooting 
methods. While computationally slow, our methods converge from very inaccurate 
initial guesses, and can be combined with shooting methods to give an efficient 
strategy for converging many periodic orbits. 

a
Emergent Complexity in Physical Systems Laboratory (ECPS), École Polytechnique Fédérale de 

Lausanne, CH-1015 Lausanne, Switzerland 

1 Lan & Cvitanović Phys. Rev. E 69, 016217 (2004).
2 Lasagna SIAM J. Appl. Dyn. Syst. 17, 547 (2018).

Figure 1: Energy input-dissipation plots of initial guesses (thin lines) and converged periodic 
orbits (thick lines) for two different examples. Note the ability to converge from very poor 
initial guesses. 
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Exact invariant solution underlying Switching Diamond Panes 
patterns in inclined layer convection 

Zheng Zhenga, Sajjad Azimia, Florian Reetza and Tobias M. Schneidera 

In the Inclined Layer Convection (ILC) system, thermal convection in a Rayleigh-
Bénard cell tilted against gravity, the flow is subject to competing buoyancy and shear 
forces. For varying inclination angle and thermal driving (or Rayleigh number), a large 
variety of spatio-temporal flow patterns is observed. The coherent features within 
these patterns suggest the existence of exact invariant solutions of the flow equations 
that underlie the dynamics and capture pattern properties1.  

Here, we discuss a newly identified periodic orbit underlying the Switching 
Diamond Panes (SDP) pattern observed experimentally at high inclination angles2. 
The SDP orbit captures diamond-shaped amplitude modulations as well as the 
cutting-joining dynamics of modulated convection rolls. Parametric continuation in 
Rayleigh number and in domain size reveals the global bifurcation via which the 
periodic orbit emerges. We identify a robust homoclinic cycle off a fixed point 
capturing the ribbons pattern. The global bifurcation of the SDP periodic orbit from 
the identified homoclinic cycle is evidenced by phase portraits as well as the 
logarithmic divergence of the period close to the bifurcation point. 

These results demonstrate that fully non-linear invariant solutions can explain 
spatio-temporal flow patterns far from the onset of convection where traditional 
linear methods have not been applied successfully.  

Figure 1: (a) Snapshot of the SDP periodic orbit showing the cutting-joining dynamics of 
convection rolls. (b) State space projection close to the global bifurcation: Shown are the SDP 
periodic orbit and equilibrium involved in the homoclinic cycle from which the SDP orbit 
bifurcates.  

a
Emergent Complexity in Physical Systems Laboratory (ECPS), École Polytechnique Fédérale de 

Lausanne, CH 1015 Lausanne, Switzerland. 
1 Reetz et al., J. Fluid Mech. 898, A23 (2020).
2 Daniels et al., Phys. Rev. Lett. 84, 5320 (2000).

730



Exact invariant solutions capturing large-scale motions in the 
turbulent asymptotic suction boundary layer 

Sajjad Azimia, Carlo Cossub and Tobias M. Schneidera 

Large-scale motions, also known as superstructures, are dynamically relevant coherent 
structures in wall-bounded turbulent flows at high Reynolds numbers, that span the 
entire domain in wall-normal direction and significantly contribute to the global 
energy and momentum transport. Applying dynamical systems approaches to high-
Reynolds-number turbulence requires capturing these important coherent structures 
by invariant solutions of the governing equations of motion. Large-scale motions 
physically emerge as correlated collective structures within a background of small-scale 
fluctuations, and thus are unlikely captured by invariant solutions of the full Navier-
Stokes equations. 

Using spatial filtering approaches, we associate large-scale motions in the 
asymptotic suction boundary layer flow with exact invariant solutions of model 
equations that govern large-scale motions without the background fluctuations in the 
open boundary layer. We construct steady and time-periodic invariant self-sustained 
solutions of the filtered Navier-Stokes equations governing the dynamics of isolated 
large-scale motions of the asymptotic suction boundary layer at the friction Reynolds  
number of 1168.  Specifically, we identify seven travelling waves and two relative 
periodic orbits. Interactions of the large-scale streaks and vortices within these 
solutions are reminiscent of multiple known processes including the streak-vortex 
quasi-periodic regeneration cycle and large-scale hairpin-like vortices.  

These results are a step towards transferring the dynamical systems picture from 
transitional flows to fully-developed turbulent boundary layer flows. 

a
Emergent Complexity in Physical Systems Lab (ECPS), EPFL, Lausanne, Switzerland

b
LHEEA, UMR 6598  CNRS Centrale Nantes, 44300 Nantes, France 

Figure 1: Three travelling wave solutions capturing large-scale motions visualized by 
streaks (green), and isosurfaces of Q-criterion. Colors of Q-isosurfaces indicate the 
streamwise vorticity, with blue and red indicating minimum and maximum.  
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Modulated square Faraday waves 

J.G. Thirieta,b, L.S. Tuckermanb, J. Cherguic, D. Juricc, S. Shind and R. 
Agrawale  

The Faraday instability consists of standing waves which appear on the surface of a 
vertically oscillated fluid layer. Domino et al.1 observed experimentally a slow 
modulation of a square pattern of Faraday waves.  We have simulated this numerically 
with BLUE2 on a 256×256×32 grid representing 8 × 8 Faraday waves. The modulated 
pattern results from a supercritical bifurcation from a pattern of regular square waves. 
We have computed other square patterns, with several angles and sizes, exist, as well as 
intermediate states between squares and hexagons. We have calculated the Fourier 
spectra of these states, as well as the overall bifurcation diagram.  

Top row: Evolution of modulated wavy pattern over one Faraday period. 
Middle row: Evolution of quasi-hexagonal pattern over one Faraday period. 

Bottom row: Tilted square pattern and novel pattern with 2D Fourier transforms. 

a
Physique et Mécanique des Milieux Hétérogènes (PMMH), CNRS-ESPCI-PSL-Sorbonne, France 

b
Ecole Polytechnique et Commissariat à l’Energie Atomique et aux Energies Alternatives, France  

c 
Laboratoire Interdisciplinaire des Sciences du Numérique (LISN), CNRS, Univ Paris Saclay, France 

d
 Hongik University, Seoul 121-791, Republic of Korea  

e
Mechanical Engineering, Stanford University, Stanford CA 94305, USA  

1
Domino et al., Phys. Rev. E 93, 050202(R) (2016).

2
Shin et al., J. Mech. Sci. Tech. 31, 1739 (2017).
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Prediction and control of extreme events in a turbulent shear flow 
with recurrent neural networks 

Alberto Raccaa, Luca Magrib,a 

The prediction and control of extreme events in fluid dynamic systems are critical 
because extreme events can have adverse effects in many engineering applications. An 
approach to the prediction of extreme events is data-driven. Starting from a time 
series (data), data-driven methods predict the future evolution of the system without 
the knowledge of the governing equations. In doing so, they provide both time-
accurate and statistical information about extreme events. 

We employ Echo State Networks, a type of recurrent neural network, to predict 
and control extreme events in a reduced-order model of a turbulent shear flow. The 
goal is three-fold. First, we study the ability of the networks to time-accurately predict 
extreme events. Second, we investigate the prediction of the statistics of the flow. 
Third, we use the prediction of the extreme events to deploy a simple and tailored 
control strategy to prevent their occurrence. We find that (i) the networks are able to 
predict extreme events up to more than five Lyapunov Times in advance; (ii) the 
networks improve the statistics of the system with respect to the available (training) 
data; (iii) the control strategy decreases the occurrence of extreme events up to one 
order of magnitude with respect to the uncontrolled system. 

This work opens opportunities in the prediction of rare and extreme events from 
data. 

a
Department of Engineering, University of Cambridge, Cambridge CB2 1PZ, UK

b
Imperial College London, Aeronautics Department, London, UK 
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Singular trajectories in incipient 3D laminar-turbulent transition 

M. Kaczvinszkia, S. Brauna

The Fisher eq. (1) plays a crucial role in nonlinear problems, like population dynamics 

or heat conduction. In our case it’s the fundamental eq. to understand the early stage 

of 3D laminar-turbulent transition, where it represents the temporal evolution of the 

local wall shear stress and the displacement thickness for marginally separated flows1,  

𝑢𝑡– 𝑢𝑧𝑧 = 𝑢 – 𝑢2. (1)

In particular, solutions of the Fisher(-KPP) eq. may blow up in finite time 𝑡. This 

happens not according to a simple similarity law, but rather requires a logarithmic 

regulation on an exponentially short time scale regime2, leading to a pair generation of 

moving singularities (localized infinities), which propagate away from their creation 

point1. We expect such singular trajectories to be associated to vortex-kernels of the 

well-known hairpin vortices, embodying the transition to turbulence. 

In our work we managed to stepwise estimate the initial motion of these singularity 

pairs after the blow-up time, using the framework of matched asymptotic expansions 

in spanwise direction 𝑧. Essentially, in this initial phase a change of the spatial 

structure from a first to a second order pole occurs, best characterised by the 

asymptotic sublayer (stretched coordinate ζ) with leading order differential equation  

𝑔′′ + 𝑔′ − 𝑔2 = 0, (2) 

and boundary conditions for ζ → ±∞. We achieve the tricky numerical computation of 

(2) with Chebyshev collocation after splitting off singular terms (with pole position ζ𝑠

as degree of freedom) and hindering far field contributions appropriately.

In general, near the blow-up time 𝑡𝑠 the complex symmetry 𝑢(𝑧, 𝑡𝑠– 𝑡) ~ – 𝑢(𝑖𝑧, 𝑡– 𝑡𝑠)

holds. Hence, the numerically known path of singularities in the complex plane3 

before 𝑡𝑠 corresponds to the real valued initial trajectories 𝑧𝑝 after 𝑡𝑠 and we can 

compare it with our analytic estimate  
𝑧𝑝

±√8(𝑡 − 𝑡𝑠)τ
∼ 1 −

1

8

ln(τ)

τ
+

ζ𝑠

4

1

τ
+ 𝜊 (

1

τ
) . (3) 

While the values of the emerged constants depend on the global solution [i.e. initial 

condition of (1)], already simple guesses are in great correspondence, suggesting the 

convergence of expansion (3) in the temporal range τ = −ln(𝑡 − 𝑡𝑠) ∈ (∞, 1) and the 

start of a follow-up regime on which we are currently working. 

We believe that understanding the dynamics of such moving singularities of the 

Fisher eq. will broaden the insight in hairpin vortex generation and the opportunities 

of even more complex nonlinear models. 

This work is founded by the Austrian Science Fund (FWF) (grant no. P31873-N32). 
a Institute of Fluid Mechanics and Heat Transfer, TU Wien, Getreidemarkt 9, 1060 Vienna, Austria 
1 Braun and Kluwick, J. Fluid. Mech. 514, 121 (2004)
2 Hocking et al., J. Fluid. Mech. 51, 705 (1972)
3 Weideman, SIAM Journal on Applied Dynamical Systems 2, 171 (2003)
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Invariant solutions underlying self-organized patterns in bacterial 
turbulence 

S. Deshmukha, A. Ferraroa and T.M. Schneidera

Collective motion in active fluids such as bacterial suspensions displays remarkable 
spatio-temporal patterns, including bacterial turbulence phases at zero Reynolds number.
The effective coarse-grained dynamics of interacting active constituents can be 
described by hydrodynamic PDEs similar to the Navier-Stokes equations. Our aim is 
to understand emerging flow patterns far from onset and capture their parameter 
dependence. To this end, we transfer dynamical systems concepts from the study of 
Navier-Stokes turbulence to active fluids and specifically identify dynamically relevant 
fully nonlinear invariant solutions of the active Toner-Tu-Swift-Hohenberg model 
describing bacterial turbulence1

Using the amplitude equation formalism, we identify several solution branches in 
the weakly nonlinear regime close to onset. The branches are followed to the fully 
nonlinear regime using parametric continuation. To this end, a numerical interface 
between the Dedalus software (dedalus-project.org) for time integration and the 
Channelflow library (www.channelflow.ch) for dynamical systems analysis is created. 
We identify key invariant solutions that capture characteristic flow features including 
vortex lattices and transient jets, and show that these solutions are transiently visited 
by the chaotic dynamics. Bifurcation analysis reveals the origin of those nonlinear 
solutions and allows to rationalize the parameter dependence of observed flow 
patterns.  

This fully nonlinear approach augments linear and weakly nonlinear methods to 
improve our understanding of self-organized flow patterns in active fluid systems. 

a
Emergent Complexity in Physical Systems lab (ECPS), EPFL Lausanne, Switzerland 

1 Wensink, Dunkel et. al., PNAS. 109, 14308 (2012).

Figure 1: (a) Chaotic vortices in active fluid flows (b) Bifurcation diagram of  invariant 
solutions underlying chaotic dynamics (ex. Vortex lattice solution in inset) 
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Large scale dynamics in confined bacterial turbulence 

Leonardo Puggionia, Guido Boffettaa and Stefano Musacchioa

We present a numerical study of a dense suspension of elongated pusher-like 
microswimmers in a confined circular domain.  The effective dynamics of the swimmers 
is modelled as a polar active fluid by the two-dimensional Toner-Tu-Swift-Hohenberg 
equation.1,2 If the bacteria activity and the hydrodynamical interactions are strong 
enough, we observe a transition from the isotropic turbulent-like regime, in which the 
collective motion of the swimmers is organized in the form of mesoscale vortices, to a 
novel regime characterized by the formation of large-scale structures. These structures 
emerge from the competition between small-scale instabilities and the tendency to 
flocking. We show that the statistical properties of these vortical structures depend both 
on intensity of hydrodynamical interactions and the confinement size. In particular, we 
find that in the case of strong confinement, the flocking tendency prevails and gives rise 
to a new ordered phase for the motion of the swimmers.  

a Dipartimento di Fisica and INFN, Università degli Studi di Torino, via P. Giuria 1, 10125 Torino, 
Italy 

1 Wensink et al., Proceedings of the national academy of sciences, 109, 14308 (2012).
2 Dunkel et al., Physical review letters, 110, 228102 (2013)

Figure 1: Snapshots of (a) vorticity and (b) stream function fields. Colour intensity is 

normalized according to the maximum absolute value of the field, red corresponds to zero, 
yellow to positive values, blue to negative values.  

(a) (b) 
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Real-time thermoacoustic data assimilation with reservoir 
computing 

Andrea Nóvoaa, Alberto Raccaa, Luca Magria,b,c,d 

Thermoacoustic oscillations are commonly modelled with low-order models, which 
are qualitative accurate but greatly biased. Data assimilation methods improve the 
quantitative accuracy of qualitative models. However, the quality of the estimator is 
limited to the accuracy of the model chosen to describe the dynamics of a system, 
because statistical-analysis methods assume that the forecast model is unbiased. We 
propose the combination of an ensemble square-root Kalman Filter with reservoir 
computing to estimate the model bias in a low-order model of a nonlinear time-
delayed thermoacoustic system. The reservoir provides an explicit formulation of the 
model error which closes the thermoacoustic equations. Reservoir computers are 
recurrent neural networks that are able to learn temporal correlations in data. The 
reservoir computer is trained a priori, and then run in parallel with the sequential data 
assimilation algorithm. At any time when measurement data is available, we combine 
the biased forecast from the low-order model with the estimated model error to 
provide an unbiased forecast state.  

We apply the proposed methodology to infer the thermoacoustic states, the 
parameters of the heat release law and the model bias on the fly. With a short training 
set, the reservoir computer learns the hidden dynamics of the thermoacoustic model 
error. The proposed methodology successfully learns in real time both the time-
accurate solution and the statistics of thermoacoustic oscillations by synergistically 
combining physical knowledge from a low-order model and data from higher fidelity 
simulations or real experiments. This work opens up new opportunities for modelling 
the bias beyond the realm of thermoacoustics. 

a
Engineering Dept, University of Cambridge. Cambridge, UK

b 
Aeronautics Dept., Imperial College. London, UK 

c
 Alan Turing Institute, London, UK 

d 
Institute for Advanced Study, TU Munich, Germany
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Integration of slow-fast quasilinear models of turbulent shear flows 

Alessia Ferraroa, Gregory Chinib, Tobias M. Schneidera 

The quasilinear (QL) reduction, which retains fluctuation-fluctuation nonlinearities only 
where they feed back onto mean fields, is often employed as a model reduction strategy. 
This approximation can be justified in the limit of temporal scale separation between 
the mean and fluctuation dynamics as arises, e.g., in the asymptotic description of 
strongly stratified shear turbulence and of exact coherent states in wall-bounded shear 
flows1. A recently introduced mathematical formalism for the integration of slow-fast 
QL systems exploits the tendency of these systems to self-organize about a marginal 
stability manifold and slaves the amplitude of the (marginal) fluctuations to the slowly-
evolving mean field2. Here, we utilise carefully constructed model problems to derive 
two important extensions to this formalism. The first extension accommodates large-
amplitude bursting events, in which temporal scale separation is transiently lost, requiring
the co-evolutions of the slow and the fast fields on the same temporal scale until 
marginal stability is re-established. The second extension yields a slow evolution 
equation for the wavenumber of the fastest growing mode, whose amplitude is then 
slaved to the mean field dynamics in condition of marginal stability to maintain a zero 
growth rate. Together, these extensions enable scale-selective adaptivity in both space 
and time. Our formalism is consistent with the idea that shear flow turbulence tracks 
low-dimensional state space structures (marginally stable manifolds) during slow 
evolutionary phases punctuated by intermittent bursting events. 

a
ECPS, École Polytechnique Fédérale de Lausanne 

b
University of New Hampshire 

1 Hall and Sherwin, J. Fluid Mech. 661, 178-205 (2010).
2 Michel and Chini, Proc. R. Soc. A. 475, 20180630 (2019).

Figure 1: (a)First extension: time evolution of the growth rate during bursting events (red lines) 

and in condition of marginal stability (blue lines). (b) Second extension: time-varying dispersion 
relation and prediction of the wavenumber of the marginally-stable mode (black curve). 
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A Dynamical Systems View of Laminar Hydraulic Jumps 

Dimitrios Razisa,b, Giorgos Kanellopoulosa, and Ko van der Weelea 

Hydraulic jumps mark the sudden transition from a fast, relatively thin supercritical flow to a slower and 

thicker subcritical one. Here we focus on 'weak jumps' in laminar open channel flow, which we model by 

means of the generalized Saint−Venant equations, expressing the mass and momentum balances.1-3 The 

hydraulic jumps in question arise as stable stationary solutions of these equations and prove to be well suited 

for a Dynamical Systems analysis: in the corresponding phase space they manifest themselves as conspicuous, 

near-parabolic trajectories that follow the unstable manifold of the dynamical system's sole fixed point which, 

importantly, is a saddle.1,2 It is the hybrid attracting/repelling nature of this saddle that is responsible for the 

jump phenomenon: the trajectory is first attracted towards the saddle but, upon reaching its vicinity, suddenly 

gets catapulted away from it along the aforementioned near-parabolic orbit (see Figure). 

Based on this geometric interpretation, we derive an analytic expression for the jump length in terms of Fr 

and Re (the Froude and effective Reynolds number, respectively), reflecting the fact that gravity and viscous 

diffusion both contribute to the balance of forces that shape these laminar hydraulic jumps.1 

Figure: Phase space representation of the hydraulic jump (left) and the corresponding fluid profile (right). In phase space 

the jump takes the form of a nearly parabolic orbit connecting the supercritical and the subcritical branches of the 

nullcline, that run close to the horizontal h-axis.

a Department of Mathematics, University of Patras, 26500 Patras, Greece 

b Department of Physics, National and Kapodistrian University of Athens, 15771 Ilisia Athens, Greece 

1 Razis et al., J. Fluid Mech. 915, A8 (2021).
2 Kanellopoulos et al., J. Fluid Mech. 912, A54 (2021). 
3 Razis et al., J. Fluid Mech. 869, 143 (2019).
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Triggering of thermoacoustic instabilities in the hot-wire-driven 
and flame-driven Rijke Tube. 

A. Giannottaa, S. Cherubinia and P. De Palmaa

Combustion instabilities in power-generation systems are often the result of the 
interaction between an oscillatory heat source with one or more natural acoustic 
modes of the combustion chamber1. Generally, if the heat release is in phase with the 
acoustic pressure perturbation, the system can be linearly unstable. However, even if a 
linear stability analysis shows only stable eigenvalues, the system can still be unstable 
to large-amplitude perturbations, which grow transiently because of non-normality 
and nonlinearities2. This may result in self-sustained oscillation and this process is 
often referred to as “triggering”. The present work analyses transient growth and 
triggering in a simple Rijke tube, for both hot-wire-driven and flame-driven cases. In 
particular, a nonlinear variational optimisation method and energy bisections have 
been adopted to find the minimal energy thresholds for triggering and the 
corresponding "most dangerous" initial condition. Both the direct and the adjoint 
acoustic equations are discretised in time by a fifth-order-accurate Runge-Kutta 
scheme and, in space, by an implicit fourth-order compact finite difference method. 
For the hot-wire-driven case, the heat release is modeled by a modified form of King's 
law, which takes into account the effect of the time delay between the acoustic 
perturbations at the hot wire position and the heat release. One of the novelties of this 
work is the extension of the optimisation method to the time-delay interval which 
shows that, for sufficiently large time-delays, the nonlinearities linked to the delayed 
flow velocity have a significant impact on the energy growth3. For the flame-driven 
case, a simple laminar conical premixed flame is modeled by the nonlinear front-track 
kinematic G-equation4. The influence of the flame curvature on the flame speed is 
included in the model and the acoustic perturbation is linked to the flame front by a 
traveling wave starting from the burner rim and advected at a phase speed different 
from the mean flow velocity. The effect of the flame aspect ratio, of the convection 
speed, and of the Markstein length on the transient energy growth is also investigated. 

a
Dep. Mechanics, Mathematics & Management, Politecnico di Bari, Via Re David 200, 70125 Bari, 

Italy 
1 Lieuwen and Yang, Combustion Instabilities in Gas Turbine Engines: Operational Experience, 

Fundamental Mechanisms, and Modeling, American Institute of Aeronautics and Astronautics (2005). 
2 Sujith et al., International Journal of Spray and Combustion Dynamics, 8(2), 119 (2016).
3 Giannotta et al., J. Fluid Mech., “in press”, (2022).
4 Orchini and Juniper, Combustion and Flames, 165, 97 (2016). 
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Lift force on a rigid sphere in a solid-body rotating flow 

P. Shia and J. Magnaudetb

Determining the lift (transverse) force on particles in nonuniform flows is a long-
standing problem in fluid dynamics. The linear shear flow has frequently been 
considered in the past, being the most common situation where a lift force on a 
sphere is known to exist. In comparison, other canonical flows have been less 
extensively examined. Solid-body rotation is one of them1. This simple configuration 
is of interest as it provides a crude model of the flow in a vortex, and also in that it 
does not include any strain effect, in contrast with a linear shear flow.  
In this work, the three-dimensional flow around a rigid sphere subjected to a solid-
body rotating flow (Fig. 1 a) is studied numerically. Following a previously developed 
methodology2, the lift force experienced by the sphere is calculated over a wide range 
of Reynolds number (Re) and relative shear rate (Sr) under both nonrotating and
torque-free conditions.  
Results indicate that, at moderate-to-high Re, the wake bends inwards, i.e. towards the
rotation centre (Fig. 1 b), in agreement with recent experimental observations3. The 
orientation of the streamwise vorticity concentrated in the pair of trailing vortices (Fig. 
1 b) agrees with the inviscid prediction4 but the sign of the lift force does not5. At high 
enough Re, the lift force (Fig. 1 c) is positive, in contrast with that in a linear shear
flow. Under the torque-free condition, the sphere rotation causes a sizeable lift 
increase throughout the considered range of Reynolds number.  

a
Inst. Computational Fluid Dynamics, HZDR, Bautzner Landstr. 400, D-01328 Dresden, Germany 

b
IMFT, Université de Toulouse, CNRS, 31400 Toulouse, France  

1 Baghi & Balachandar, J. Fluid Mech. 473, 379 (2002).
2 Shi et al., Phys. Rev. Fluids 5, 073601 (2021).
3 Rastello and Marié, J. Fluid Mech. A 17, 884 (2020).
4 Auton, J. Fluid Mech. 183, 199 (1987).
5 Auton, J. Fluid Mech. 197, 241 (1988).
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Figure 1: (a) Schematic of a fixed sphere in a solid-body rotation flow. (b) Spanwise (top) and 

streamwise (bottom) vorticity fields at Re = 200 and Sr = 0.2. (c) Lift coefficient at Sr = 0.2.
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Sediment transport measurements with a multi-component 
ultrasonic profiler 

S. Fischer1,M. Burckbuchler2

Measuring velocity profiles in turbulent flows has always been of great theoretical and 
practical interest. It allows the statistical characterisation of turbulence and better 
understanding of processes such as sediment motion, closely related to the flow 
turbulence. A full agreement on how turbulent flows are affected by presence of 
particles is yet to be reached. An example is the modification of the well-known law of 

the wall, which has been the subject of analysis by several authors3. Over the past two 

decades, the development of increasingly sophisticated measuring systems has enabled 
flow parameters to be obtained from acoustic technology. For example ADCPs 
(Acoustic Doppler Current Profilers) or UVPs (Ultrasonic Velocity Profilers) are based 
on multiple diverging monostatic configuration. These profilers are capable of 
reasonable to high temporal and spatial resolutions and have been increasingly used in 
the fields of research and environmental engineering. Yet, none of these devices allow 
to resolve sufficiently fine flow scales, preventing a proper characterization of 
turbulence statistics and turbulent processes. To overcome these limitations, ADVPs 

(Acoustic Doppler Velocity Profilers) were developed4 to provide quasi-instantaneous 

co-located two- (2C) to three- (3C) component velocity profiles along the transmitter 
beam axis, using a multi-bistatic configuration. These devices were shown to resolve up 
to the Taylor microscale.  
In 2019, Ubertone developed a commercial version of the ADVP, the UB-Lab 2C, as 
part of the ANR ASTRID selected in 2017 project MESURE (Métrologie mES 
hydroacoUstiques opéRationnElles). 
In the present paper, datasets of time-resolved two-component velocity profile 
measurements under different flow conditions will be presented. 
This paper will remind the already shown capabilities of this measurement technique 
ADVP, such as its good performance for sediment flux profiling. And we will present 
new results and new potential and developments around these instruments, such as a 
commercial 3C-ADVP deployed for oceanographic studies. 

1
UBERTONE, 14 rue du Brochet, Schiltigheim, France

2
UBERTONE, 14 rue du Brochet, Schiltigheim, France

3
Revil-Baudard T, Chauchat J, Hurther D. and Barraud P A, Investigation of sheetflow processes 

based on novel acoustic high-resolution velocity and concentration measurements. J. Fluid Mech. 767, 1–
30, 2015.

4
Hurther D, Thorne P D, Bricault M, Lemmin U and Barnoud J M, “A multifrequency acoustic 

concentration and velocity profiler (ACVP) for boundary layer measurements of fine-scale flow and 
sediment transport processes”, Coastal Engineering. 58, 594–605, 2011.
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Settling of localised particle plumes in an initially quiescent fluid 

R. Monchauxa, T. Zürnerb, D. De Souzaa and C. Toupointa

Flows laden with inertial particles are relevant to many industrial and natural 
applications and are raising important fundamental questions regarding particle 
concentration, agglomeration and settling as well as on particle to fluid interactions1. 
In a fluid initially at rest, the settling of inertial particles sets the carrying fluid in 
motion. In turn, particles interact with the flow they create. Even in this simple case, 
the inter-particle and particle-to-fluid interactions are still far from being understood2. 

We perform an experimental study by injecting particles into a wide water tank 
from a vibrating sieve. They fall as a localised plume in the tank centre, entraining the 
fluid with them and causing a large recirculation in the rest of the tank. Particle 
Reynolds numbers are between 0.2 and 14, particle to fluid density ratio ranges from 4 
to 14.45, the particles’ Archimedes numbers are covering three decades from 1 to 
1000 and their mass loading also covers three decades between 10-6 and 10-3. We are 
exploring a region of the parameter space that is rarely studied, most work focusing 
either on much higher loadings, smaller Reynolds numbers and/or very larger density 
ratios. The other originality of our work is to propose velocity measurements in both 
phases3. In a 2D laser sheet, we are able to access to the fluid Eulerian velocity field as 
well as the particle Lagrangian velocity. Thanks to this coupled measurement, we 
estimate the slip velocity between fluid and particles as well as the kinetic energy of 
both phases which are key quantities to understand such flows. 

We present results comparing the particle settling velocity to the reference case of 
an isolated particle submitted to Schiller-Naumann drag and settling in a fluid at rest. 
We show that at first order, the Archimedes number is driving the settling velocity 
close to the reference case while at second order, higher loading lead to higher settling 
rates. In their fall, particles drive a flow that is roughly homogeneous within the 
particle curtain while displaying fluctuations leading to a “turbulent rate” of 10 to 
30%. An interesting result is that the slip velocity does not depend on the loading and 
is remarkably constant around 80% of the Schiller-Naumann reference settling 
velocity. This 20% slower movement corresponds to the kinetic energy transferred 
from the particles to keep the fluid in motion. A discussion of these transfers is 
provided. 

a
ENSTA-Paris Unité de Mécanique, Inst. Polytechnique de Paris, 828 bd des Maréchaux, 91762 

Palaiseau, France.
b

Dep. of Transport Processes at Interfaces, Inst. of Fluid Dynamics, Helmholtz-Zentrum Dresden-

Rossendorf, Bautzner Landstraße 400, 01328 Dresden, Germany. 
1 Marchioli (Ed.). Collective Dynamics of Particles: From Viscous to Turbulent Flows (Vol. 576). 

Springer. (2017). 
2 Bordoloi et al., J. Fluid Mech. 896, A19 (2020).

3 De Souza et al., Exp. Fluids. 62(5), 1-14 (2021). 
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Particle pair dynamics under oscillating flows 

T. J. J. M. van Overvelda, H. J. H. Clercxa and M. Duran-Matutea 

When a system of spherical particles submerged in a viscous fluid is subjected to 
oscillations, the spheres align themselves in chains perpendicular to the oscillation 
direction. The driving mechanism for this chain formation is a nonzero residual flow 
also known as “steady streaming”1. A single pair of particles, i.e. the building block of 
the particle chains, is studied to better understand this underlying physical mechanism. 
We have performed direct numerical simulations of a fully resolved, oscillating flow in 
which a pair of particles is submerged. The bottom, on which the particles rest, moves 
in unison with the bulk flow. The particle-fluid interactions are accounted for using an 
immersed boundary method2. 

Our simulations show that the particles oscillate both parallel and perpendicularly 
to the oscillating flow, such that they describe elongated figure-8 trajectories. In 
absence of bottom friction, the mean gap between the particles is a function of the 
viscous length scale and the relative particle excursion length. The simulation results 
further show excellent agreement with previous experimental results. Overall, we find 
two scaling regimes for the equilibrium state of the system, corresponding to cases in 
which either viscous dissipation or advection is dominant3. 
 Next, we change the boundary conditions of the system by fixing the bottom with 
respect to the flow, such that a Stokes boundary layer forms. The presence of vertical 
velocity gradients affects both the particle dynamics and the steady streaming flows. 
Only when the boundary layer thickness and relative particle excursion length are 
sufficiently small, we find similar results in both systems. In general, we conclude that 
the parameter space for the modified system is governed by one additional non-
dimensional parameter: the particle-fluid density ratio.  

a
Fluids and Flows group and J.M. Burgers Center for Fluid Dynamics, Dept. of Applied Physics, 

Eindhoven University of Technology, The Netherlands 
1 Klotsa et al., Phys. Rev. E 79, 021302 (2009).
2 Breugem, J. Comput. Phys. 231, 469 (2012).
3 van Overveld et al., Phys. Rev. Fluids 7, 014308 (2022).

Figure 1: Streamlines and vorticity (log scale) of the steady streaming in the mid-particle plane. 
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The effect of clusters on the heat and mass transfer in moderately 
dense gas-particle flows  

S. Rauchenzaunera and S. Schneiderbauera,b

Gas-particle flows play a crucial role in modern industrial applications. In times of an 
intense need for optimization of existing processes and creation of new, 
environmentally friendly and low energy consumption reactors, simulation and 
modelling is an important tool to asses the correct operating conditions and reaction 
rates. Still, computational resources are limited and the time needed to simulate even a 
few seconds of process time in full-scale reactors is unfeasible for the industry. 
Although CFD is a potent tool, which can uncover the flow inside the reactors and 
newer methods, such as the Discreet Element Method (DEM) for particles, enable 
potent descriptions of the micro-scale flow, the multi-scale nature of gas-particle flows 
hinders the use of coarse numerical grids, which can speed-up the simulation time. 
Essentially, it was observed that the meso-scale flow structures, such as particle 
clusters and streamers, have a crucial influence on the macro-scale flow properties and 
not accounting for them leads to an overestimation of the drag and heat transfer in 
the system by up to 80%1,2.  

As expected, the mass transfer between the phases is also greatly affected by the 
clustering of the system. We identify the main properties in the species transport 
equation by application of spatial filters. Thereby we find that the ash-layer diffusion, 
which is a function of the particle Reynolds number, is severely overestimated if the 
particle clusters are not accounted for. In accordance to the better-known drift 
velocity3 correction to the resolved drag force and the newly established drift 
temperature2 correction to the heat transfer, we propose another drift scalar approach 
in order to qualify and quantify the correction to the resolved mass transfer in coarse-
grid CFD simulations. In the framework of multi-phase turbulence modelling, the 
drift scalar is then expressed as a covariance between the solid volume fraction and 
the species concentration and modelled using a dynamic test-filtering4 approach. 

a
Christian Doppler Laboratory for Multi-scale Modelling of Multiphase Processes, Johannes Kepler 

University, Altenbergerstr. 69, 4040 Linz, Austria 
b

Department of Particulate Flow Modelling, Johannes Kepler University, Altenbergerstr. 69, 4040 

Linz, Austria 
1 Schneiderbauer et al., AIChE J. 60(3), 839 (2014).
2 Rauchenzauner and Schneiderbauer, Phys. Fluids 32, 063307 (2020). 
3 Parmentier et al., AIChE J. 58(4), 1084 (2012).
4 Lilly, Phys. Fluids A 4(3), 633 (1992). 
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Insights from Simulations of Bubble—Particle Collisions in 
Turbulence 

T. T. K. Chana, C. S. Nga and D. Kruga 

Bubble—particle collisions are an integral part to industrial processes like flotation in 
the mining industry. Despite its importance, the underlying physics is not well 
understood, making it a challenge to predict the bubble—particle collision rate. This is 
compounded by the sometimes counter-intuitive behaviour of suspended species with 
different densities in turbulence. Figure 1 shows bubbles and particles segregate in 
different flow regions, indicating their relative behaviour is distinct from that of 
identical particles. Such observations call current modelling attempts for bubble—
particle collisions in turbulence into question as almost all of them are direct 
extensions of theories on particle—particle collisions. The development of adequate 
theories is severely hampered by the fact that direct comparison to simulations or 
experiments is difficult since appropriate data remain scarce to date. We present a first 
effort to bridge this gap by simulating particles and bubbles in homogeneous isotropic 
turbulence with the point-particle approach of Maxey and Riley1. To gain a 
comprehensive overview of the physics, we investigated the effects of a range of 
relevant quantities such as the Stokes number St, the Taylor Reynolds number Re,
particle density and gravity. Our results show that the models fail to predict the 
collision rate. This is partly because bubbles and particles respond differently to fluid 
acceleration so may originate from very different regions. In addition, we point out 
inconsistencies in the models that may account for the discrepancy. With a better 
understanding of the underlying physical mechanisms of bubble—particle collisions 
gained from this study, future models can improve their accuracy in predicting the 
bubble—particle collision rate. 

This project has received funding from the European Research Council (ERC) 
under the European Union’s Horizon 2020 research and innovation programme 
(grant agreement No. 950111, BU-PACT). The simulations are conducted with the 
Dutch National Supercomputer Cartesius and MareNostrum4 of the Barcelona 
Supercomputing Center. 

Figure 1: Snapshots of bubbles (blue) and particles (red) in turbulence with Re = 175.

a
Physics of Fluids Group, University of Twente, P.O. Box 217, 7500AE Enschede, The Netherlands 

1 Maxey and Riley, Phys. Fluids 26, 883 (1983). 
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Effect of shape and size on the transport of floating particles on 
the free surface of a turbulent natural stream 

H. R. Sanness Salmona, L. J. Bakerb, J. L. Kozarekc and F. Colettia

Understanding how floating particles of various shapes and sizes are transported by 
water streams is crucial to devise effective strategies to sequestrate plastic pollution, 
which dramatically affects the state of rivers, lakes, and oceans. Using particle tracking 
velocimetry, we investigate experimentally the motion of floating particles of different 
shape and size on the turbulent free surface of a field-scale meandering stream. 
Millimetre-sized spheres are used as tracers to obtain 2D mean and fluctuating 
velocity fields of the surface flow. We focus on an approximately homogeneous 
region, where the single-point and two-point velocity statistics are found to be 
consistent with the classical phenomenology of 3D homogeneous isotropic 
turbulence. We then consider centimetre-sized discs and rods, much larger than the 
dissipative scales but much smaller than the integral scales of the turbulence. As finite-
sized inertial particles, these exhibit similar velocities as the small tracers but weaker 
and less intermittent accelerations. Consequently, the motion of the larger particles 
along their trajectories is more time-correlated, and their diffusion coefficient is larger. 
This notion is confirmed by the mean-square displacement of single particles and 
mean-squared separation between particle pairs, both of which grow faster in time 
compared to the tracers. The disc are also found to disperse faster than similarly large 
rods, pointing at the important role of the objects’ mass, shape and size in the 
transport dynamics. The present findings has far-reaching implications towards 
predicting the spread and limiting the impact of plastic pollution in streaming waters.  

a
Dep. Mechanical and Process Engineering, ETH Zürich, CH-8092 Zürich, Switzerland 

b Dep. Mechanical Engineering, University of Washington, Seattle, WA 98195, USA 
c St. Anthony Falls Laboratory, University of Minnesota, Minneapolis, MN 55455, USA 

Figure 1: (a) Photograph of the imaging setup, indicating the approximate location of the field 

of view, coordinate system and flow direction. (b) Means-square displacement due to turbulent 
velocity fluctuations for the high flow rate case. 
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The dusty Kolmogorov flow 

G. Boffettaa, M. Cencinib, S. Musacchioa and A. Sozzac

We study the effects of a suspension of small heavy particles on  the Kologorov flow 
both in the laminar and in the turbulent regime by using an Eulerian two-way coupling 
model. By means of analytical and numerical methods, we discover that particles can 
either stabilize or destabilize the laminar Kolmogorov flow depending on their mass 
fraction in a non-monotonic way1. 
In the turbulent case, we find that the presence of particles reduces the turbulent 
fluctuations and increases the turbulent drag and we show that these effects are 
stronger for particles of smaller size2. 

a
Dep. Physics and INFN, University of Torino, 10125 Torino, Italy

b
Institute of Complex Systems, ISC-CNR , 00185 Roma 

c
 Laboratoire de Physique, ENS Lyon, 69007 Lyon, France 

1 Sozza et al., J. Fluid Mech. 931, A-26 (2022).
2 Sozza et al., Phys. Rev. Fluid 5, 094302 (2020).

Figure 1: Instability diagram (critical Reynolds number) of a laminar Kolmogorov flow as a 

function of the mass loading  and the Stokes number St of the particles. The solid line 

represents the neutral curve for which Rec=2.  as a function of time. 
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Meshfree number density field reconstruction for two-way 
coupling of particle-laden flows using the Fully Lagrangian 

Approach 

C. P. Stafforda, O. Rybdylovaa

 The simulation of particle-laden flows has evolved into an area of continued 
importance, with a diverse range of industrial and environmental applications leading 
to the development of a variety of computational approaches for modelling droplet 
and particle behaviour. Of central importance in the modelling of such flows is the 
accurate representation of the spatial distribution of particles, which can exhibit wide 
variation in unsteady or turbulent flows, and plays a key role within simulations for 
interphase momentum and energy coupling in dilute suspensions. For this reason, 
accurate determination of the dispersed phase number density field is paramount to 
ensuring physically correct behaviour can be reproduced within simulations. 
 The present work seeks to address this need by utilizing a mathematical model 
known as the Fully Lagrangian Approach (FLA), which is able to calculate the local 
number density of particles along their trajectories, and thereby include detail of the 
behaviour experienced by individual particles1. The advantage of this method is that 
relatively few particles need to be tracked to reproduce a faithful representation of the 
particle number density field, when compared to conventional box-counting methods 
such as the Cloud-In-Cell approach2. The novelty of the present research comes from 
using the statistical learning approach of kernel regression estimation to accumulate 
the contributions from individual trajectories and reconstruct the particle number 
density field. In particular, the domain of influence for the kernel associated with a 
given particle is determined directly from FLA data in accordance with the spatial 
structure of the particle number density field. This enables a high level of detail to be 
retained at a reduced computational cost, and also has the benefit of being 
straightforward to extend to the consideration of polydisperse particles. 
 The developed methodology has been implemented as a custom solver within 
OpenFOAM, and applied to some benchmark simulations for flow around a cylinder 
in steady and unsteady cases for both monodisperse and polydisperse particles. The 
kernel estimator is shown to provide a reliable means of reconstructing the particle 
number density field, and thereby also the momentum and energy source terms, 
across this range of flow configurations. When compared to a Cloud-In-Cell 
approach, the computational cost is seen to be significantly decreased due to the 
ability of kernel regression estimation to utilise knowledge of the spatial structure of 
the particle number density field, and demonstrates the potential of the FLA 
methodology for upscaling to the simulation of industrially relevant systems. 

a
Advanced Engineering Centre, School of Architecture, Technology and Engineering, University of 

Brighton, Brighton BN2 4GJ, UK 
1 Osiptsov, Astrophys. Space Sci. 274, 377 (2000).
2 Healy and Young, Proc. R. Soc. A 461, 2197 (2005). 
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Particle Clustering and Aggregating in Free-Surface Turbulence 

Yaxing Lia, Roumaissa Hassainia, Kelken Changa, Henri Sanness 
Salmona, Claudio Mucignatb, Filippo Colettia 

Clustering in three-dimensional incompressible turbulence, which is rooted in the 
particle inertia, has been extensively studied for decades. On the other hand, particle 
transport in compressible velocity fields, where intense clustering results from the 
non-zero divergence, has received limited attention and remains poorly understood. A 
remarkable example is represented by floaters on the surface of turbulent waters. 
Recently this has been the object of growing interest, due to its relevance to 
environmental and industrial settings; in particular, the global challenge of floating 
plastics polluting rivers, lakes, and the ocean. Here we study experimentally the 
transport of particles on the free surface of turbulent water in the densely 
concentrated regime. Experiments are carried out over the turbulent region behind a 
square mesh grid, in an open channel facility with a 1-m wide and 6-m long test 
section, with negligible surface waves. Floating particles are illuminated by pulsed 
LEDs and tracked by two high-speed CMOS cameras. We consider 2-mm, slightly 
buoyant spheres that behave as surface flow tracers in the highly dilute limit. Initially, 
these are dispersed homogeneously, but cluster over the compressible material 
surface. As their concentration is increased up to covering ~20% of the area, the 
inter-particle interactions profoundly alter the transport: the particles aggregate and 
stick to each other due to capillary effects, forming large fractal clusters that move as a 
whole. Varying particle concentration and Reynolds number, we investigate how the 
underlying turbulence determines the cluster topology, characterized by Voronoi 
tessellation. Furthermore, we analyse the Lagrangian dispersion and relative velocities, 
in comparison to the dilute case, to assess the effect of the concentration on the 
spreading rate. 

a
Department of Mechanical and Process Engineering, ETH, Zurich, Switzerland

b
Swiss Federal Laboratories for Materials Science and Technology, Dübendorf, Switzerland 

Figure 1: (a) Schematics of the experimental setup. (b) Typical snapshot of particle clusters 

floating on the free surface of the turbulent water flow.  
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A Two-Fluid Model for Solid Phase Turbulence in a Gas-Solid 
Flow 

B. Singha, D. J. Bergstroma

A numerical study of a dilute vertical turbulent gas-solid flow is reported in this 
paper. A modified form of the Two-Fluid Model (TFM) incorporating a multiphase 
turbulence model as developed by Fox1 is implemented in an in-house Reynolds 
Averaged Navier-Stokes code. The model separates the particle phase fluctuations into 
spatially correlated and uncorrelated forms. The particle phase fluctuations are directly 
coupled to the gas phase using only the correlated form of the fluctuations. The particle 
phase granular temperature is only indirectly coupled to the fluid phase turbulence 
equations. The results from the modified TFM are compared with experimental data2 
for a particle-laden channel flow, as well as the results using a conventional form of the
TFM3. The conventional form of the TFM includes all particle fluctuations in the 
“granular temperature”, both correlated and uncorrelated. The difference between the 
two approaches in terms of the energy budgets of the two models is also discussed. It 
turns out that the dissipation of the turbulence kinetic energy of the particle phase is 
essentially a source term for the granular temperature in the modified TFM; in the 
conventional TFM, diffusion from the wall is the major source term for the granular 
temperature. The modified TFM formulation gave improved predictions for the particle 
phase velocity fluctuations, as well as the mean velocity profiles. Both TFM 
formulations were unable to capture the anisotropy associated with the fluid phase 
fluctuations since they used eddy viscosity model formulations for the turbulent 
stresses. 

a Dept. Mechanical Engineering, U. of Saskatchewan, 57 Campus Dr., Saskatoon, SK, CA, S7N5A9 
1 Fox, J. Fluid Mech., 742, 368 (2014)
2 Kulick et al., J. Fluid Mech., 277, 109 (1994)
3 Bolio et al., AIChE Journal, 41, 1375 (1995)
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Figure 1. (a) Particle velocity profile using inner coordinates; (b) Particle fluctuations as a
function of distance from wall using inner coordinates 
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Two-way coupling of falling particles in homogeneous turbulence 

Filippo Colettia, Roumaissa Hassainiab 

Despite decades of investigations, there is still no consensus on how inertial particles 
modify turbulence, nor on how their behaviour changes by virtue of the two-way 
coupling. We carried out the first experimental study in which the concentration of 
heavy particles in fully developed turbulence is systematically varied across a broad 
range of volume fractions ΦV, from nominally one-way coupled to heavily two-way
coupled regimes, keeping all other parameters constant. We utilize a zero-mean flow 
chamber where steady, homogeneous and approximately isotropic air turbulence is 
realized, with a Taylor-microscale Reynolds number Reλ ≈ 150 – 300. We consider
spherical solid particles of two sizes, both much smaller than the Kolmogorov length, 
and yielding Stokes numbers Stη = 0.3 and 2.3 based on the Kolmogorov time scale.
By adjusting the turbulent intensity, the settling velocity parameter is kept constant for 
both cases, Svη ≡ VT/uη ≈ 3 (VT is the still-air terminal velocity and uη is the
Kolmogorov velocity scale). Unlike previous studies focused on massively inertial 
particles, we find that the turbulent kinetic energy (TKE) increases with particle 
loading, being more than doubled at ΦV = 5∙10-5. This is rooted in the energy input
associated to gravitational settling: the particles release their potential energy into the 
fluid and increase its dissipation rate, while the associated time scale is not significantly 
changed. Moreover, the mean settling velocity of the particles, W, increases as the
particle concentration is increased, and at the highest volume fraction it is almost 
doubled compared to the one-way coupled regime, W0. Particle clustering is also
strongly enhanced under two-way coupling, as demonstrated by radial distribution 
functions (RDFs) and Voronoi diagram analysis. The particles uncorrelated motions 
and relative velocities at small separations are augmented at higher concentrations. 
This is attributed to the turbulence being intensified by two-way coupling, which 
yields shorter time scales and, therefore, effectively higher Stokes numbers. 

a
Department of Mechanical and Process Engineering, ETH Zurich, Zurich, Switzerland

Figure 1: (a) Increase of turbulent kinetic energy (TKE) with particle volume fraction (ΦV),

compared to the un-laden case. (b) Increase of settling velocity with ΦV.
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Collision efficiency of Brownian spheres settling in a non-continuum 
gas 

Pijush Patraa and Anubhab Roya

We calculate the collision rate in a dilute bidisperse suspension of sedimenting spheres in a 

non-continuum gas, taking Brownian diffusion and van der Waals attraction force into 

account. Our study neglects the effects of fluid and particle inertia on collision dynamics. It 

is sufficient to analyze the problem considering only pairwise interactions because of the 

low particle volume fraction. The particle relative motion can be expressed through a 

probability distribution function P(r) that captures the probability density of finding a 

particle pair separated by a distance r and satisfies the quasi-steady Fokker-Planck type 

equation. Using the Legendre polynomial spectral method (LPSM), we solve the advection-

diffusion equation of P(r) for arbitrary Peclet number Pe. Here, Pe measures the relative 

importance of gravitational settling and Brownian diffusion. We validate our numerics by 

comparing the ideal collision rate with the known analytical solution provided by Zinchenko 

& Davis (1994). Continuum lubrication forces between rigid particles do not allow contact 

in a finite time, and collisions occur when attractive colloidal forces are present. However, 

in a low-pressure gas medium, the lubrication forces are weaker than their continuum 

counterparts and allow contact in finite time, even in the absence of any other forces. The 

Knudsen number Kn, which is the ratio of the mean-free path of the fluid medium to the 

mean radius of two interacting spheres, quantifies the strength of non-continuum effects. 

We use uniformly valid solutions for the hydrodynamic mobilities that capture non-

continuum lubrication interactions in near-field and continuum hydrodynamics for 

moderate to large separations. We compute the collision efficiency over wide ranges of the 

Knudsen number, the size ratio, and the Peclet number, both with and without van der 

Waals forces. Finally, we derive the asymptotic expressions for the collision efficiencies in 

the Pe << 1 and Pe >> 1 limits. Our numerical results correspond quite well with the 

asymptotic values. 

a Department of Applied Mechanics, Indian Institute of Technology Madras, Chennai 600036, India
1 Zinchenko and Davis, J. Fluid Mech. 280, 119-148 (1994). 
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Experimental study of the dynamics of hard and soft colloids 
confined in microdroplets 

L. Chagota, S. Migliozzia and P. Angelia

Particles are sometimes added during droplet formation of two immiscible liquids to 
replace surfactants as surface active agents. Also known as Pickering emulsions, 
colloidal particles can greatly improve the stability of the dispersion [1,2]. Generally, it 
is assumed that these particles follow classic Brownian motion inside the droplets, but, 
as shown by Ghosh et al. [3], if the particles are confined in a rigid cavity their 
behaviour, especially close to the wall, changes. Similar results were observed 
numerically by Li et al. [4], who also highlighted the significant difference on the 
dynamics of confined particles arising from a change in particle shape, thus opening 
the question to the effect of various particle features. For instance, the effect of 
particle softness is extremely interesting from a fundamental perspective because of 
the inherent changes in particle mobility and interactions caused by a change of 
softness. Despite the extensive number of studies dedicated to Pickering emulsions 
and their fabrication in microfluidic devices, a clear understanding of the dynamics of 
confined particles (hard or soft) in the soft cavity of droplets is still missing. Hence, in 
this work we investigate the displacement of hard and soft particles inside a fixed 
microdroplet generated through a microchannel. 

The experimental investigation was conducted by using as droplet phase 
glycerol/water solutions containing fluorescent polystyrene particles (1 μm), i.e. hard 
particles, or rhodamine-tagged poly(N-isopropylacrylamide) (pNIPAM) microgels, i.e. 
soft particles, and silicon oil as outer phase. Experiments with both types of particles 
were carried out at different particle concentrations. Spherical droplets were generated 
in a flow focusing glass microchannel and were trapped using a stop valve system. 
Particles were illuminated via a continuous green laser (532 nm) and their 
displacement was tracked in space and time through a 16 bit high-resolution camera 
(2048×2048 pixels), equipped with a 20× microscope lens, and at a frequency of 4Hz. 
To eliminate the laser light reflections, the lens was mounted with an orange filter. 
From the measured trajectories of the particles both radial and azimuthal mean square 
displacement (MSD) were calculated. The results showed that the MSD behaviour 
changed significantly with the particle concentration and particle softness, especially 
close to the interface where the difference between hard and soft particles becomes 
clearer. In this region, the dynamics of attachment at the interface seems to be 
affected by the particle deformability. 

a ThAMeS Multiphase, Department of Chemical Engineering, UCL, London, UK 
1Ridel et al., Soft Matter, 12, 7564-7576 (2016) 
2Albert et al,. J. Control. Release 309, 302–332 (2019).   
3Ghosh et al., Soft Matter, 12, 1621 (2016), 
4Li et al., J. Chem. Phys. 152, 204109 (2020)
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Lagrangian measurements of saltating particles in aeolian 
transport 

Bernhard Rotha, Alec Petersena, Claudio Mucignatb, Filippo Colettia 

Aeolian saltation critically affects geo-morphological processes, the ocean’s 
micronutrient supply, and Earth’s climate. Despite decades of research, many questions 
remain open, especially concerning the dynamics at the particle level. In particular, 
detailed experimental studies describing the Lagrangian properties of saltating particles, 
essential to understand the transport theoretically and model it numerically, are lacking. 
Here we experimentally investigate the saltation of glass microspheres using a wind 
tunnel with a 10-m long, 1.9-m wide and 1.7-m high test section. Hundreds of kilograms 
of particles form a 2.5-cm thick bed over the tunnel floor, and are transported by the 
airflow under equilibrium conditions. The measurements cover a range of 
monodisperse particle sizes (150-450 µ in diameter) and free-stream wind speeds (8 -12 
m/s) relevant to aeolian sand transport. The particles are illuminated by a vertical light 
sheet from a pulsed Nd:YLF laser and imaged by a high-speed CMOS camera at 10 000 
frames per second, during the several minutes before the formation of ripples ensues. 
Extensive runs yield millions of Lagrangian trajectories across the turbulent boundary 
layer, from which we obtain particle concentration, velocity and acceleration profiles at 
unprecedented resolution. Moreover, the Lagrangian information indicates that the 
motions are ballistic in the vertical direction. This enables the reconstruction of the 
mean trajectories from the measured profiles of velocity and concentration. The 
approach allows us to evaluate the mean saltation length, a crucial and poorly 
characterized scale describing the transport. From the streamwise particle acceleration 
and classic non-linear drag relations, we reconstruct the wind velocity profile in the 
saltation layer and find it to be logarithmic. This framework thus provides critical 
information which would otherwise be inaccessible at such high particle concentrations. 

a
Department of Mechanical and Process Engineering, ETH Zurich, Zurich, Switzerland

b
Swiss Federal Laboratories for Materials Science and Technology, Dübendorf, Switzerland 

Figure 1: (a) The wind tunnel used in the present study. (b) Sample snapshot of saltating particles 

illuminated by a vertical-streamwise laser sheet and imaged by a high-speed CMOS camera. 
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The effect of free-stream perturbations on a sphere settling in 
ambient fluid 

J.M. Catalána, M. Moricheb, O. Floresa and M. García-Villalbaa

The settling of a sphere in an otherwise quiescent fluid is a widely-studied problem 
for its relevance in dilute particle-laden flows. This flow is governed by two non-
dimensional parameters, namely the density ratio and the Galileo number: 

𝜌 =
𝜌𝑝

𝜌𝑓
,      Ga =

𝑈𝑔𝐷

𝜈
,     with     𝑈𝑔 = ඥሺ𝜌 − 1ሻ𝑔𝐷,

where 𝜌
𝑝
, 𝜌

𝑓
 are respectively the densities of the particle and the fluid, 𝐷 is the sphere

diameter, 𝜈 is the kinematic viscosity, 𝑔 is the modulus of the gravitational acceleration 

and 𝑈𝑔 is a gravitational velocity scale.

 In spite of the simplicity of the configuration, the dynamics of the problem is very 
complex, resulting in a variety of flow regimes1 as a function of the density ratio 𝜌 and 
Ga. In this study, we intend to explore the robustness of these flow regimes when a 
previously perturbed flow is encountered by the sphere. Note that this situation is 
relevant since in particulate flows the surrounding particles will generate flow 
perturbations on any given particle. 

To this aim, we have selected the configuration reported by Uhlmann and Dušek2, 
who studied the settling of a sphere with 𝜌 = 1.5 and Ga in the range 140-250, adding 
free-stream perturbations. We have performed direct numerical simulations using an in-
house code that employs the immersed boundary method proposed by Uhlmann3 to 
model the presence of the sphere.  In order to include the  perturbations, we have used 
a digital filter approach based on the works of Klein et al.4 and Kempf et al.5. These 
flow perturbations are introduced as an additional source term on the Navier-Stokes 
equations, following the work of Schmidt and Breuer6. 

An analysis of the effect of both the intensity and scale of the perturbations on the 
different settling regimes will be presented. 

___________________________________________________________ 

a
Bioengineering and Aerospace Engineering Department, UC3M, Leganés, Madrid, Spain. 

b Institute for Hydromechanics, Karlsruhe Institute of Technology, Karlsruhe, Germany. 
1 Jenny et al., J. Fluid. Mech. , 508, 201 (2004)
2 Uhlmann and Dušek, Int. J. Multiph. Flow, 59, 221 (2014)
3 Uhlmann, J. Comput. Phys, 209 (2), 448 (2005)
4 Klein et al., J. Comput. Phys, 186 (2), 652 (2003)
5 Kempf et al., Comput. Fluids , 60, 58 (2012)
6 Schmidt and Breuer, Comput. Fluids , 146, 1 (2017) 
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Turbulent flows with isotropic and anisotropic particles.

I. Cannona, S. Olivieria and M. E. Rostia

 Dispersed objects in turbulent flows are found in many environmental 
cases, such as pollen in the air and microplastic fibres in the ocean. The 
geometry of such objects can vary from nearly spherical (i.e. isotropic) to 
almost one dimensional (anisotropic). 
 We investigate the effect of finite-size dispersed objects on a homogeneous 
isotropic turbulent flow. To understand the effect of object isotropy, we make 
simulations of thin anisotropic fibres and bluff isotropic spheres in the flow 
(Figure 1). Both fibres and spheres have a similar bulk effect compared with 
the single-phase flow; they produce a large-scale energy depletion and a 

reduction of the turbulence Reynolds number from Re450, to around Re200 
in the densest cases.  
 However, a scale-by-scale analysis of the energy distribution reveals a 
different story. We show that both objects remove kinetic energy at the largest 
length scales of the flow, however spheres and fibres reinject the energy at 
different wavenumbers. 

Figure 1:    Slices showing the vorticity magnitude of homogeneous isotropic 

turbulence in the presence of dispersed (left) spheres and (right) fibers

a
Complex fluids and flows unit, Okinawa Institute of Science and Technology, Onna, Okinawa, 

Japan
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Quantitative prediction of sling events in turbulence at high 
Reynolds numbers

T. Bätgea, I. Fouxonb and M. Wilczeka,c

Collisional droplet growth plays a key role in rain formation in warm clouds. It is known 
to be significantly enhanced by turbulence. Intuitively, strong vortices may act as slings 
for inertial particles, leading to large collision velocities. Up to now, this so-called sling 
effect lacks a consistent quantitative description valid for all Stokes and Reynolds 
numbers, in particular for those in clouds. 

Here, we develop a criterion for the occurrence of sling events based on the velocity 
gradient history along particle paths. We demonstrate by a combination of theory and 
simulations that the creation of sling events is completely controlled by the smallest 
negative eigenvalue of the velocity gradient tensor, reducing the problem to effectively 
one dimension. We show that for a sling event to occur, this eigenvalue has to be 
persistently below a certain threshold value. Depending on the depth and duration of 
such excursions below the threshold, we establish a quantitative criterion connecting 
excursions to sling events. Combined with large-deviation theory, this enables 
predictions of the sling rate as a function of Reynolds and Stokes numbers. We use fully 
resolved turbulence simulations to confirm our predictions. Finally, we extrapolate the 
predictions to conditions in clouds. 

a
Max Planck Institute for Dynamics and Self-Organization, Göttingen, Germany

b
Department of Computational Science and Engineering, Yonsei University, Seoul, South Korea

c
 Theoretical Physics I, University of Bayreuth, Germany 
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Shear cessation in colloidal suspension investigated by USA-XPCS 

W. Chèvremonta, T. Zinna, and T. Narayanana

Shearing a fluid, or any kind of fluid motion, introduces mechanical energy in the 
medium, that is usually dissipated through viscosity into heat. Because of inertia, the 
fluid can’t stop immediately after the deformation is stopped, and this remaining 
energy has to be dissipated. In this study, the shear cessation in diluted colloidal 
suspension has been studied using multi-speckle USA-XPCS (Ultra Small Angle X-ray 
Photon Correlation Spectroscopy) on Beamline ID02 of ESRF1. The multi-speckle 
2D pattern, low angle and high contrast enabled by the new EBS beam of ESRF allow 
to perform direction-dependant analysis and obtain high quality correlation curves, 
that are fitted according to advection-diffusion model. 

Several methods of fluid homogenisation have been studied and compared. 
Among them, the “hand shaking” method, where the fluid is homogenised in the 
capillary by forcing the bubble to flow along the capillary, lead to fluid 
homogenisation at fluid particle scale. On the other hand, the shearing in Couette 
geometry gives much better homogenisation at lower scale.  

After shearing or shaking, the system under study is followed in time by taking 
XPCS acquisitions until the recovery of normal Brownian motion behaviour of the 
correlation curves. Comparing the vertical direction, where only Brownian motion and 
sedimentation occurs, and horizontal direction, where velocity field has been applied, 
shows clear differences in term of correlation functions. In the first one, the 
advection-diffusion model gives a velocity fluctuation term corresponding to the 
sedimentation, whereas in the second one, the velocity fluctuation term decay 
exponentially with time. Comparing the different fluid homogenisation methods leads 
to similar velocity fluctuation decay. 

Figure 1: Normalized correlation functions just after shear cessation. Symbols are 
measured correlation function. Lines are model fit with advection-diffusion model. 
Colours corresponds to scattering vector q.e

a
ESRF – The European Synchrotron, 38043 Grenoble, France

1 Möller et al., J. Sync. Rad.  23(4), 929-936 (2016).  
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Waves and instabilities in particle-laden free surface flows 
Anubhab Roy1a, Darish Jeswin Dhas a 

We study the role of inertial particles on the stability a film falling down 
an incline. With the absence of particles, falling films have been shown to 
be susceptible a surface mode1 and shear mode2 instability. The presence 
of particles can change the flow dynamics by altering the viscosity and 
density of the system. When laden with neutrally buoyant non-inertial 
particles, the viscosity stratification resulting from the shear-induced 
migration of particles is known to enhance both modes of instability3. To 

study the effect of particle inertia on the systems ’stability, we use a two 

fluid mode4 to describe the fluid and particle phase. We study the linear 
regime, we perform a linear stability analysis on the system to study the 
combined effect of particle inertia, shear-induced migration and buoyancy 
forces on the stability of the system. For the specific case of neutrally 
buoyant colloidal particles, since hydrodynamic effects are negligible due 
to the dominance of Brownian diffusion, it is possible to use a simpler 
system of governing equations5. With this, we develop reduced order 
nonlinear asymptotic models using a Benney-like gradient expansion 
approach and the integral boundary layer approach to study the nonlinear 
waves. Figure 1 shows the wave profile obtained using the integral 
boundary layer approach. For the case of inertial particles, we solve the 
full system of nonlinear governing equations (the two fluid model) using 
Basilisk.

Figure 1: Wave profile and streamlines for an initial particle concentration 𝜙b= 
0.1 excited with wavenumber k = 0.1; Re = 12, Pe = 1, We = 103 and inclination 
α = 45◦. The contour plot shows the particle volume fraction field. 

a
Dep. of Applied Mechanics, Indian Institute of Technology Madras, Chennai 600036, India 

1 Yih, C.S., Phys. Fluids 6(3), 321 (1963). 
2 Floryan, J.M., Davis, S.H. and Kelly, R.E., Phys. Fluids 30(4), 983 (1987). 
3 Dhas, D.J. and Roy, A., J. Fluid Mech. (in press). 
4 Municchi, F., Nagrani, P.P. and Christov, I.C., Int. J. Multiph. Flow 120, 103079 (2019). 
5 Espin, L. and Kumar, S., J. Fluid Mech. 742, 495 (2014).
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Modulation of isotropic homogeneous turbulence by finite-size 
particles 

A. Yousefia, S. Mirzarezab, M. Crialesi-Espositoa and L. Brandtb,a

Turbulent multiphase flows are ubiquitous in nature and engineering applications. 
Examples include dispersed pollutants in atmosphere, waterfall mists and sediment-
laden flows. In all these flows, there exists a complex interaction between the dispersed 
particle phase and the carrier phase triggering modifications of the underlying 
turbulence1. In the present work, we investigate the modulation of homogeneous and 
isotropic turbulent (HIT) flows laden with particles of size larger than the Kolmogorov 
length scale. To this end, we use particle-resolved Direct Numerical Simulation (PR-
DNS) in a cubic domain with rigid spherical particles initially randomly distributed in 
the turbulent flow. In order to sustain the background turbulence, we inject energy at 
large scales using the Arnold-Beltrami-Childress (ABC) forcing2. In this study, while 
neglecting gravity to avoid particle settling, we examine the role of the particle inertia 
(using a density ratio equal to 1 and 10) and of the particle concentration (ranging from 
5 to 20% in volume). We examine the turbulence modulation in terms of global 
quantities, energy spectra and scale by scale (SBS) energy budgets and show that by 
increasing the volume fraction, global quantities such as Taylor microscale do not 
change significantly for suspensions with neutrally-buoyant particles while the change 
is more pronounced for higher density ratios (particle inertia). The energy spectra reveal 
that the content reduces in scales larger than the particle diameter and increases at small 
scales. This modulation is intensified when increasing volume fraction and particle 
inertia. According to the SBS analysis, energy transfer to small scales by the fluid-solid 
interactions introduces additional dissipation at small scales compared to the single 
phase case resulting in an extended dissipative range.  

a
FLOW Centre, Department of Engineering Mechanics, Royal Institute of Technology (KTH), SE-

100 44 Stockholm, Sweden.
b

Department of Energy and Process Engineering, Norwegian University of Science and Technology 

(NTNU), Trondheim, Norway.
1 Homman et al., J. Fluid Mech. 721, 155 (2013). 
2 Mininni et al., Physical Review E 74 (1), 016303 (2006). 
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Instability of a dusty vortex 

Darish Jeswin Dhas1a, Shuai Shuai2b, Mohamed Houssem Kasbaoui b 
and Anubhab Roy a 

We investigate the role of inertial particles on the stability of a particle-
laden Rankine vortex. When devoid of particles, a two-dimensional 
Rankine vortex is resilient to infinitesimal disturbances. However, the 
introduction of inertial particles can trigger a novel instability. We study 
this phenomenon by performing a linear stability analysis, with the particle 
phase modelled using a single fluid model1 that is valid for small Stokes 
numbers. In the absence of particle inertia, the particles destabilise the 
vortex by a mechanism analogous to the centrifugal Rayleigh-Taylor 
instability in radially stratified vortex with density jump. However, with 
particle inertia, we find that the vortex is always unstable as long as the 
mass loading M > 0. Further, as shown in figure 1, a comparison of the 
growth rates computed using the linear stability analysis shows good 
agreement with the same obtained with Eulerian-Lagrangian simulations. 

a
Dep. of Applied Mechanics, Indian Institute of Technology Madras, Chennai 600036, India 

b
School for Engineering of Matter, Transport and Energy, Arizona State University, Tempe, AZ, 

85281, USA 
1 Kasbaoui, M.H., Koch, D.L., Subramanian, G. and Desjardins, O.,  J. Fluid Mech. 770, 85 (2015). 

Figure 1: Comparison of instability growth rates between linear stability analysis (LSA) 

and Eulerian-Lagrangian (E-L) simulations at StΓ = 0.002, ReΓ = 5000 and

𝑀 = 1. (a) Growth rates for mode numbers 𝑚 = 2 − 6 at At = 1/3 (LSA: ,

EL: ) and At = 1/5 (LSA: , EL: )
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Inertial particle dynamics and convection in solar farm canopies 

Sarah E. Smithab, Marc Calafc, Raúl Bayoán Calb, 
Henda Djeridia, and Martín Obligadoa 

This work explores the interdisciplinary exchange between inertial particle behavior, 
turbulent fluid mechanics, and heat transfer in solar photovoltaic (PV) canopies. 
Adverse heating and wind-propelled debris are inevitable in typical PV farm locations, 

dropping efficiency nearly 0.5% each 1∘C, and cutting crystalline silicone cell lifetime

by 50% with each prolonged increase of 10∘C.1,2 Dust particles, ranging from 0.4 𝜇m

to 20 𝜇m on a normal day, can accumulate on panels and cause production losses up to 
35%.3 Varying farm features such as spacing, height, and tilt angle alleviates overheating 
and soiling, but often couples with elevated panels vulnerable to strong wind forces.1 
Mitigating both thermal and particle impact is difficult since increased turbulence 
promotes cooling, yet increased velocity and mixing causes higher deposition rates and 
fatique-inducing impact even in mild conditions.2 Previous works address flow 
deflection and panel loading, but little is known about wake propagation of particles 
and unmitigated heating within solar farms.3 This study explores the connection 
between particle interaction and convective heat transfer for large-scale PV farms. Wind 
tunnel experiments capture thermal behavior on panel surfaces, while using particle 
image velocimetry (PIV) as shown in Figure (1) to observe flow behavior in the wakes 
of scaled PV modules for a variety of configurations and simulated environmental 
conditions. Considering single- and multi-phase flow, conditions such as inflow 

velocity, turbulence intensity, array configuration, and particle concentration are varied 
to represent a range of operating solar farm environments. Results inform fundamental 
effects of particle accumulation on heat transfer for inclined plates and particle 
distribution within PV farm canopies. 

a Univ. Grenoble Alpes, CNRS, Grenoble INP, LEGI, 38000 Grenoble, France 
b Dep. Mechanical and Materials Engineering, Portland State University, Portland, OR 97201, USA 
c Dep. Mechanical Engineering, University of Utah, Salt Lake City, UT  84112, USA 
1 Glick et al, Sol. Energ. 207, 173 (2020).
2 Thornton, Tech. Report Nat. Renew. Laboratory (1992).
3 Abiola-Ogedengbe et al, Renew. Energ. 78, 657 (2015).

Figure 1: PIV tests. Left: Actual PIV laser window(red); Center: Sample image Captured; Right: 

Vertical profiles varying velocity 𝑈, position 𝑍, and panel configuration 𝑃. 
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Fast stretching and break-up of filament of suspensions

V. Thiévenaza and Alban Saureta

Suspensions can flow as homogeneous or heterogeneous fluids, depending on the 
length scale considered.1,2 When a suspension quickly undergoes large deformations, its 
heterogeneous nature appears, and leads to specific dynamics.3 This happens during 
atomization, meaning the breakup into a large number of droplets,4 a process common 
in industrial applications like ink-jet printing or spray painting. 

We study the quick stretching of capillary bridges of suspensions into filaments, and 
compare it to the stretching of liquids of matching viscosity. By analyzing the filament 
shape, we identify a critical extension at which the stretching of suspensions differs 
from that of a homogeneous liquid. Then, we describe the influence of the size and 
volume fraction of the particles on the droplet size distribution. Notably, we show that 
suspensions break up into fewer and bigger droplets than pure liquids. 

Figure 1: Stretching and fragmentation of a capillary bridge of a non-viscous water and glycerol 
mixture (left) and of a suspension containing 50% of 140µm neutrally buoyant polystyrene 
particles dispersed in the same liquid. The width of the rod is 9.44mm. 

a
Dept. of Mechanical Engineering, University of California, Santa Barbara, CA 93106, USA

1 V. Thiévenaz et al., Soft Matter 17, 6202-6211 (2021) 
2 D-H. Jeong et al., J. Fluid Mech. 36, A36 (2022) 
3  V. Thiévenaz and A. Sauret, PNAS, accepted (2022) 
4  P. Marmottant and E. Villermaux, Phys. Fluids 16(8), 2732-2741 (2004) 
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A metafluid composed of multistable elastic particles suspension 
to harvest and store energy 

O. Peretza,E. B. Abua, A. Zigelmana, S. Givlia and
A. D. Gata

Investigating and tailoring the thermodynamic properties of different fluids is 
crucial to many fields. For example, the efficiency, operation range, and environmental 
safety of applications in energy and refrigeration  cycles are highly affected by the 
properties of the respective available fluids. Here, we suggest combining gas, liquid 
and multistable elastic capsules to create an artificial fluid with a multitude of stable 
states. In this work, we suggest to achieve this goal by following the approach used in 
meta-materials and suggest to control the macro-properties of a fluid by selecting a 
micro-structure composition. Specifically, we study analytically and experimentally a 
suspension composed of gas, enclosed within multi-stable elastic capsules, and 
lubricated by second external fluid. By coupling multi-stability of the capsules and the 
associated hysteresis, a fluid with multiple stable density points for a given pressure 
and temperature states can be created. Such suspensions allow to harvest, store, and 
release energy due to specific external variations in pressure or temperature. With 
today’s technology, it is possible to “program” the properties of the multi-stable 
particles and combine them with carefully selected properties of the gas and liquid 
components of the suspension. Thus, this work paves the way for creating new fluids 
that feature optimal behavior, high efficiency and safety for energy and refrigeration 
cycles. 

a
Faculty of Mechanical Engineering, Technion - Israel Institute of Technology, Haifa city, Israel 

Figure 1: (a) Schematic view of a metafluid containing encapsulated gas within multistable 

capsules, immersed with a second fluid. (b) Experimental and theoretical pressure vs. density 
cycles. The black, blue, and red curves represent (analytically calculated) equi-permutation 
lines, loading, and unloading modes, respectively. Orange and green curves represent the 
experimental results (each curve containing three cycles). Representative frames (circular 
insets) taken from our experiment correspond to points (1)-(4) on the orange curve. 
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Experimental Investigation of Particle-Laden Gas-Jets Impinging 
on Inclined Surfaces

J. L. Araujoa, C. M. P. Roserob, E. R. Davida, D. A. Rodriguesb and
A. P. Silva Freireb 

The work describes experimentally the flow and particle dynamics of particle laden 
jets impinging onto inclined surfaces. Particle Image Velocimetry and the Shadow 
Sizing technique are used to characterize the flow of a round air-jet loaded with 
carbon silicate particles (SiO2) impinging onto an inclined surface (stainless steel, AISI 
304). Experiments are carried out for two particle size distributions with mean 

diameters of 50 and 110 m, three different Reynolds numbers (Re = 28,300, 29,200 
and 34,100), and four impinging angles (30o, 45o, 60o, 90o). Three-dimensional eroded 
profiles are assessed with a Talysurf Intra Profilometer from Taylor Hobson. Graphs 
of the continuous and discrete fields are shown to illustrate the flow and particle 
velocities and particles trajectories for all flow and particle conditions. 
The experimental results are compared with numerical simulations furnished by a one-
way coupling scheme. The continuous field is described through a finite-volume 
computational fluid dynamics package fitted with the SST Turbulence model. The 
cloud of particles is tracked through a specially implemented library. A second custom 
library was implemented to enable the use of run-time selectable erosive and wear 
models. The work particularly considers the wear models of Oka and Yoshida1, 
Arabnejad et al.2 and Zhang et al.3. In general, the model developed by Oka and 
Yoshida1 consistently presented the best agreement with the experimental data. The 
magnitude of the damaged areas shown in Fig. 1 are, influenced by both, the particle 
size and the flow rate. The experiment show a wider profile and a smoother transition 
between the flat surface and the eroded region when compared to simulations. 

a
Mechanical Engineering Program (PEM/COPPE/UFRJ), Rio de Janeiro, Brazil.

b Interdisciplinary Center for Fluid Dynamics (NIDF/UFRJ),  21941-972, Rio de Janeiro, Brazil. 
1 Oka and Yoshida, Wear, 259, 102–109, (2005).
2 Arabnejad et al., Wear, 376, 1194–1199, (2015).
3 Zhang et al., Wear, 263, 330–338, (2007).

Figure 1: (a) Typical eroded surface for different angles. (b) Erosion profiles according to the 

impact angle. (c) Numerical predictions. ER stands for erosion depth by particle injected mass. 
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Numerical modelling of nanofibrous filter media for air filtration 

Surya Ramakrishnana,b,  Raghuram Chettyb, K Arul Prakasha 

In the present scenario, as there is considerable focus on environmental concerns, 
especially in air quality improvement, nanofibrous filters offer an effective, 
economical, and simple method for filtration applications. The presence of nanofibers 
can enhance the collection efficiency of particles in the range of most penetrating 
particle size (MPPS) and can achieve a minimal pressure drop due to the slip effect 
that happens at the surface of nanofibers1. The heterogeneities in the filter structure 
lead to drastic changes in the filter media performance as it affects the gas flow path 
and the particle behaviour. An attempt was made to model nanofibrous filter media in 
a relatively straightforward 2D array model to evaluate the filtration performance. 
Nanofibrous filter media has been considered as a composite geometry consisting of a 
nanolayer over a microfibrous layer, where the two layers can be identified as having 
individual properties. In 2D modelling, the filter media heterogeneities are captured by 
the detailed representation of fiber size distribution which involves a thorough 
statistical analysis. An algorithm based on a random approach was developed to create 
the representable geometry of nanofibrous filter media by analyzing the nanolayer and 
base media separately. The gas-particle flow through nanofibrous filter media has been 
modelled by Eulerian-Lagrangian CFD approach, incorporating the relevant particle 
collection mechanisms for the desired particle flow conditions. One-way coupling 
between continuous and dispersed phase is considered based on the volume fraction 
of particles. The numerical model thus provides possibilities for further investigations 
in the performance of nanofibrous filter media. 

a
Dep. of Applied Mechanics, IIT Madras, Chennai, India

b
Dep. of Chemical Engineering, IIT Madras, Chennai, India 

1 Podgorski et al., Chemical Engineering Science. 61, 6804 (2006).

Figure 1: (a) Pressure drop vs. flow rate and (b) Fractional efficiency vs. particle size 

comparison for bare and nanofibrous filter media. 
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Probing the role of rotational dynamics for buoyancy driven 
spheres and cylinders 

Dominik Kruga, Jelle B. Willb 

The path described by unconstrained spheres driven by buoyancy in a still fluid is a 
classical problem in fluid dynamics. Already Leonardo da Vinci and Isaac Newton 
discovered that spheres deviated from a rectilinear motion and displayed complex 
trajectories with significant horizontal oscillations. Assuming that the dynamics are 
governed solely by the translational equation of motion of the system, the traditionally 
considered parameters are the Reynolds number (governing the horizontal forcing via 
symmetry breaking in the wake) and the particle-to-fluid density ratio. Here, we 
systematically investigate the what role rotational dynamics play for the dynamics.  
We do so by experimentally and numerically studying effects of varying moment of 
inertia (MOI)1,2 and center of mass (COM) offset2,3. We find that varying MOI alters 
rotational dynamics enough to affect the observed oscillation amplitudes and the 
particle drag coefficient (i.e. the mean settling velocity). However, such effects 
remained moderate and did not result in regime changes. In contrast, imposing a well 
controlled COM offset, which introduces a pendulum frequency to the rotational 
dynamics, leads to dramatic modifications of the path as well as of the drag. We show 
that this behavior is governed by a similarity parameter that relates the pendulum 
frequency to a vortex shedding time-scale. We further demonstrate that the observed 
Galileo number dependence of the results can be reconciled by considering the inertia 
of the Stokes layer in addition to the particle mass.  

Figure 1: Visualisation of the path and wake of otherwise identical rising cylinders with from 
left-to-right increasing levels of centre of mass offset. 

1 Will and Krug, J. Fluid Mech. 927, A7 (2021).
2 Assen et al., in preparation -, - (2022).
3 Will and Krug, Phys. Rev. Lett. 126, 174502 (2021).

a
Physics of Fluids Group, University of Twente, Enschede, Netherlands 

b
Department of Mechanical Engineering, University of Melbourne, Melbourne, Australia 
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Gravitational settling of inertial particles in turbulent environments 

M. Obligadoa, A. Ferrana,b, N. Machicoanea, N. Mordanta and A. Alisedab

   Turbulent flows laden with particles are important for both environmental 
phenomena and industrial systems. This study focuses on the gravitational settling of 
dense sub-Kolmogorov inertial particles in homogeneous and isotropic turbulent gas 
flows. For such aim, experimental measurements of particle vertical and horizontal 
velocities were taken via a Phase Doppler Interferometer, that can also measure de 
diameter of particles on the vertical direction. A wide range of Taylor Reynolds numbers 

(𝑅𝑒𝜆 ∈  [30 − 520]), Rouse numbers (𝑅𝑜 ∈    [0 − 5]) and volume fractions (𝜙𝑣 ∈
[0.5 × 10 − 5 −  2.0 × 10 − 5]) was explored. Three types of grid turbulence were 
tested by means of a passive grid and an active grid used in two different modes (grid 
shafts moving randomly or open in a static configuration).  
   This work therefore aims at studying the role of the carrier phase Taylor Reynolds 
number, Rouse number and volume fraction on the settling velocity of inertial particles 
(figure 1). We find, in agreement with previous works1, that enhancement of the settling 
velocity occurs at low Rouse number, while hindering of the settling occurs at higher 
Rouse number for decreasing turbulence energy levels (characterized by the velocity 
fluctuating intensity or the Taylor Reynolds number). The wide range of flow 
parameters explored allowed us to observe that enhancement decreases significantly 
with the Taylor Reynolds number and is also significantly affected by the volume 

fraction 𝜙𝑣. 

a
LEGI lab, Université Grenoble Alpes

b
Dep. Mechanical Engineering, University of Washington 

1 Mora, et al., Physical Review Fluids 6, no. 4 (2021): 044305.

Figure 1: Particle settling velocity normalized with the carrier phase rms velocity plotted against 

the Rouse number for a volume fraction of 0.5 × 10−5 (left) and 2.0 × 10−5 (right). The data
from the active grid in random mode (AG) correspond to solid lines, the one from the active 
grid in open mode (OG) is in dashed lines and the dashed dotted lines correspond to the data 
for the passive grid (RG).  
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Particle migration and flow instabilities in pulsatile pipe flow 
experiments 

B. Bäuerleina,b and K. Avilaa,b

Particle-laden pipe flow is ubiquitous in engineering and process applications. In 
combination with a pulsatile driving, the blood flow in the vascular network is one the 
most prominent examples of particle-laden pulsatile flows. Radial particle focusing, 
cluster formation and the effect of triggering turbulence are some of the known effects 
caused by the four-way coupling between the particles, the (steady) fluid flow and the 
pipe walls. However, little is known how a pulsation affects the particle and flow 
dynamics. 
Our experiments indicate that the pulsation does not significantly influence the phase-
averaged particle focusing on stable annulus positions. But by resolving the particles’ 
motions within a pulsation period it can be seen, that the majority of particles follow 
the pulsatile fluid motion almost instantaneously in the acceleration phase and have a 
phase delay of about 1/4π in the deceleration phase. The particle velocities can be partly
attributed to their radial positions, but particle rotation has a significant contribution as 
well, which will be demonstrated in the talk.  
By using 3D Lagrangian particle tracking (with the Shake-the-Box algorithm) on 
transparent hydrogel particles we are able to track the particle interface in 3D and obtain 
their instantaneous position, axis of rotation and angular velocity, simultaneously to the 
fluid’s velocity field. This allows a detailed analysis of the particle-fluid interactions, 
which we will also use to elucidate the effect of particles triggering the helical instability 
in the decelerating phase of the pulsation.   

a
University of Bremen, Faculty of Production Engineering, Badgasteiner Strasse 1, 28359, Bremen, 

Germany
b

Leibniz Institute for Materials Engineering IWT, Badgasteiner Strasse 3, 28359, Bremen, Germany 

Figure 1: (a) Snapshot of the Lagrangian fluid flow trajectories in the vicinity of a large particle 

in pipe flow streaming from left to right. (b) Tracers sticking to the particles surface allow it to 
measure the particle rotation. 

(a) (b) 
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Dominant mechanisms of secondary flows in horizontal particle-
laden pipe flows 

X. M. Zhanga, G. J. Nathana, Z. F. Tiana and R. C. China

The present study is concerned with numerical simulations of secondary flows in 
horizontal particle-laden pipe flows. Direct numerical simulations coupled with a four-
way coupling discrete particle model were employed using a Euler-Lagrange approach, 
considering the drag, lift and gravitational forces on particles, together with the 
collisions of particles with the wall and with other particles. The particle mass loading 

varied from Φm=0.4 to 0.9, 1.2, and 1.8 to assess its influence on the flow and particle 
behaviour. These four values result in four different flow regimes characterised by 
various combinations of secondary flow structures of the fluid and particle phases, 

shown in Figure 1(a) and (b), respectively. With the increase in Φm, the fluid secondary 
flow structure varies from a centre-upward two-cell to a four-cell, and a centre-
downward two-cell structure. This coincides with a transition of the particle secondary 
flow structure from a reversed four-cell to a six-cell, and a centre-downward two-cell 
structure. To investigate the driving mechanisms for these secondary flow motions, 
the forces exerted on the fluid phase, including the pressure gradient force, the 
interaction force exerted by the particles, and the resultant force, were examined to 
identify the contribution of each of these forces to the fluid secondary flow motions. 
A similar analysis was also applied to the drag, lift, gravitational and resultant forces 
exerted on the particle phase for the particle secondary flow motions. The force 
analyses explain the secondary flow directions and the interaction between fluid and 
particle phases. Finally, sketches summarising the dominant mechanisms are also 
presented to advance the current understanding of secondary flows in such flows. 

a
Centre for Energy Technology, School of Mechanical Engineering, The University of Adelaide, 

Adelaide, Australia 

Figure 1: Secondary flow structures of (a) the fluid phase and (b) the particle phase, for various 
values of particle mass loading. 
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Neural Network Based Reduced Model for Stokesian 
Particulate Flows 

Gökberk Kabacaoğlua 

Stokesian particulate flows describe the hydrodynamics of rigid or deformable 
particles in the zero Reynolds number regime. Due to highly nonlinear fluid-structure 
interaction dynamics, moving interfaces, and multiple scales, numerical simulations of 
such flows are challenging and expensive. I will present our machine-learning-
augmented reduced model for fast simulations of such flows. Besides, I will show how 
the reduced model enables us study optimal microfluidic device design for dense 
suspensions of deformable particles.   

Our goal is to design a deterministic lateral displacement (DLD) device to sort 
same-size biological cells by their deformability, in particular to sort red blood cells 
(RBCs) by their viscosity contrast between the fluid in the interior and the exterior of 
the cells.  A DLD device optimized for efficient cell sorting enables rapid medical 
diagnoses of several diseases such as malaria since infected cells are stiffer than their 
healthy counterparts.  In this context, I will first describe an integral equation 
formulation that delivers optimal complexity solvers for this type of problems. 
Despite its excellent theoretical properties, our integral equation solver remains 
prohibitively expensive for optimization and uncertainty quantification.  I will then 
summarize our efforts to reduce the computational costs, starting from low-resolution 
discretization, domain truncation, and model reduction.   

Model reduction is used to accelerate the action of specific and very expensive 
nonlinear operators.  The final scheme blends ultra low-resolution solvers (who on 
their own cannot resolve the flow), several regression neural networks, and an 
operator time-stepping scheme, which we introduced to specifically enable the use of 
surrogate models.  We have used our methodology successfully for flows that are 
completely different from the flows in the training dataset.   

This is a joint work with George Biros. 

a
Department of Mechanical Engineering, Bilkent University, 06800, Ankara, Turkey
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Effective jumps across Janus membranes 

G. A. Zampognaa, P.G. Leddaaband F. Gallaire a 

The asymmetry of transport across membranes plays a key role in biological and 
industrial separation processes. We develop, via multiscale homogenization1,2, a 
macroscopic model able to formalize the principles underlying this asymmetry. The 
presence of the membrane results in a jump in the solvent velocity and stresses, u and

Σ, and in the solute concentration and fluxes, c and Φ, across the homogeneous
membrane C: 

uU,D =MU,D : ΣU + NU,D: ΣD  and  cU,D =TU,D : ΦU + YU,D : ΦD 

where the superscripts U and D denote quantities evaluated on the upward and
downward sides of the membrane. The coefficients MU,D, NU,D and TU,D , YU,D are
computed once and for all at the pore-scale and quantify the ability of the solvent to 
pass through and slip on the membrane and the variation of the solute diffusivity due 
to the solid micro-structure. We compare the model with the fully-resolved Navier-
Stokes and advection-diffusion equations to describe the transport across so-called 
Janus membranes, i.e. membranes which present different chemical and geometrical 
properties on the two opposite sides. As shown in figure 1, the model well reproduces 
the full-scale physics and gives a ready-to-use interface condition to reproduce the flow 
of such asymmetric membranes. 

a
Laboratory of Fluid Mechanics and Instabilities, EPFL, Route Cantonale 1, Lausanne, CHE

1 Zampogna, Gallaire, J. Fluid Mech. 892, A9 (2020).
2 Zampogna et al., PRSA, under review.

Figure 1: (a) Free uniform Stokes flow past a homogeneous membrane with a constant solute 

concentration profile imposed on the left side of the domain at Pe=102. The inset depicts the 
concentration distribution around two of the 100 triangular solid inclusion forming the 
membrane. (b,c,d) Comparison between the full-scale (symbols) and macroscopic solution 
(lines), evaluated along the membrane C on the upward (orange) and downward (purple) sides.
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Capillary imbibition on a 3D-printed metallic rough surface with 
grooves 

B. Cobo-Lopeza, C. Sobrinob and J. Rodríguez-Rodríguezb

When a porous material is put in touch with a liquid that wets its surface capillary 
forces drive the liquid infiltration into the material. This process is called capillary 
imbibition. Heat pipes are an example of technological application that relies on 
passive capillary driven flow transport. Most recent research has explored the use of 
3D-printing to manufacture heat pipes. 3D-printed metallic materials exhibit 
imbibition phenomena very similar to those found in porous materials1. In this work, 
we explore experimentally and develop a quantitative two-dimensional model of the 
capillarity-driven imbibition which takes place on 3D-printed metallic samples, 
consisting of a rough porous surface with a periodic array of vertical grooves that 
serves as the wick of a heat pipe.  

Figure 1: Capillarity imbibition along a 3D-printed metallic surface with vertical grooves for 

two different liquids. (a) Water with green fluorescent dye and (b) acetone. Image (b) has been 
acquired with a thermographic camera, thus the region wet with acetone appears dark. 

Two liquids were used in the experiments (as shown in Figure 1): one that partially 
wets the surface (water dyed with sodium fluorescein) and another one that exhibits 
total wetting (acetone). A key difference is observed: while acetone climbs up the 
channels in a continuous fashion that follows Washburn’s law with gravity effects, 
water advances along the channel in a step-like manner as can be seen in Figure 2. 

Figure 2: Time evolution of the imbibited water height for four different grooves located on a 

same rough surface. 

a
Madrid Space Europe S.L, Madrid, SPAIN 

b
Department of Thermal and Fluids Engineering, Carlos III University of Madrid, Madrid, SPAIN 

1 Hay et al, J. J. Colloid Interf. Sci.. 325, 472 (2008). 
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Homogenization of flows through thin membranes 
with aperiodic micro-structure

K. Wittkowskia, G.A. Zampognaa and F. Gallairea

Porous membranes are commonly found in a wide range of natural and artificial 
systems, such as filtration, recovery of substances in chemical processes, water fluxes 
across cell membranes, and drug delivery in tissues. In a recent work1, the so-called 
Effective Stress Jump model has been developed via homogenization to describe 
complex multiscale flows through thin membranes1. The model contains coefficients, 
such as the permeability tensor, retrieved from the solution of pore-scale problems in 
a microscopic cell and relies on the assumption that the solid structure is formed by 
the periodic repetition of a single unitary cell. Unfortunately, pore-scale periodicity is 
difficult to find in nature (cf., for instance, the distribution of protein channels on 
cellular walls2) and it is also questionable in industrial applications because of the 
presence of localized production defects.  

In the present work, we combine the homogenization-based Effective Stress Jump 
model with Principal Component Analysis to handle aperiodic pores distributions. A 
Cell-Assembly Element (CAE, cf. figure 1) replaces the periodic unitary cell which 
characterises the Effective Stress Jump model. A criterion to establish when the values 
of the permeability tensor calculated in the periodic unitary cell are not suitable 
anymore is defined. In the latter case, the tensor components are retrieved by 
interpolation of only a few values of the microscopic tensor computed on the Cell-
Assembly Element, exploiting Principal Component Analysis to keep the 
computational cost of the operation as low as possible.  
A final comparison between the derived model and other approaches present in the 
literature shows the advantages of the new procedure: (1) it drastically reduces the 
computational cost of the homogeneous solution; (2) it allows for a control of the 
error introduced by homogenization when dealing with aperiodic patterns. 

a
Laboratory of Fluid Mechanics and Instabilities, École Polytechnique Fédérale de Lausanne, Rte 

Cantonale 1015 Lausanne, Switzerland 
1 Zampogna and Gallaire, J.Fluid Mech. 892, A9 (2020)
2 Nielsen et al., Am. J. Physiol. 273 (Cell Physiol. 42), C1549–C1561 (1997)

Fig.1. Schematic examples of two-dimensional porous membrane. In a) the membrane is 
periodic, and the unitary cell is highlighted. In b) the membrane is not periodic, and the Cell-
Assembly Element, CAE (which contains several unitary cells), is highlighted. 
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Hydraulic resistance of a deformable active porous medium 

T. Desclauxa,b, P.Josephb, P. Durua, M. Delarueb and O. Liota

The capture of solid particles in a porous medium is critical for many processes but 
have a major drawback: internal fouling due to pore clogging. Clogging at pore scale is 
now well understood for inert and rigid particles, but the study of bio-clogging - 
clogging by biological objects, e.g. living cells - opens many topical research questions 
as living cells have particular properties that may impact the clog properties: they are 
deformable, endowed with specific adhesion mechanisms, and are able to proliferate. 
A well-known property of cell filtration cakes is that they are compressible: the 
hydraulic resistance of the cake increases with the hydrodynamic forcing1. But the 
interpretation of this phenomenon is still controversial and patchy: this phenomenon 
has extensively been described at the macroscale (the membrane, the whole cake), but 
observations are missing at the microscale (the pore, the cell). In particular, the impact 
of the proliferation on the compressibility has not been understood yet. 
     We have therefore developed an experimental quasi-2D microfluidic device 
consisting in one single pore retaining cells whose properties are well known and 
easily controllable: the baker's yeast Saccharomyces cerevisiae. To study the impact of
proliferation on the clog compressibility, the cells are resuspended in a culture 
medium in which they can normally proliferate, and the addition of an antibiotic 
blocking proliferation provides a reference case. The clog is imaged under a 
microscope, and after an initial build-up phase, the pressure driving the flow through 
the pore is changed in order to compress/decompress the clog while the flow rate is 
measured. The increase of the clog hydraulic resistance is then linked to the decrease 
of porosity, as a consequence of both collective cell movements and local 
rearrangements. In the absence of proliferation, these results can be interpreted as an 
interplay of clog poromechanics and hydrodynamic forcing. On the other hand, 
proliferation modifies the mechanical behaviour of the clog as it homogenizes its 
microstructure, but can also be limited by mechanical compression or nutrient 
availability. Our results illustrate how poromechanics, microstructure and proliferation 
control the hydraulic resistance of a deformable active porous medium. 

a
 IMFT, Toulouse, France 

b
 LAAS-CNRS, Université de Toulouse, CNRS, Toulouse, France 

1 Dressaire, E. & Sauret, A. Soft Matter 13, 37–48 (2017).
2 Foley, G. J. Membr. Sci. 274, 38–46 (2006).

Figure 1: Flow rate in the device as the cake builds-up (left) and microscopy image of the 

device with a clog (fluorescence: top right, Hoffman contrast: bottom right) 
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Imbibition of Complex Liquids into Thin Porous Media 

M.G. Wijburga, S. Wanga and A.A. Darhubera

Inkjet printing inks typically consist of a large number of constituents such as 
solvents, pigment particles, polymeric colloidal particles, surfactants, humectants and 
rheology modifiers, rendering it a complex liquid. Furthermore, paper is a complex 
anisotropic porous medium containing additives such as fillers, binders, salts and 
brighteners, in which liquid transport can occur both in the pores as well as inside the 
cellulose fibers. Therefore, the imbibition of ink into paper is a complicated process, 
of crucial importance to the printing industry. 

In order to gain more understanding in a step-by-step manner, an experimental 
study of the imbibition of water and aqueous solutions into paper has been performed 
by means of light reflection- and transmission-imaging and infrared thermography. 
The first method gives insight into the time- and position-dependent moisture content 
during the drying process and the latter into the evaporation dynamics of the solvent 
as a consequence of evaporative cooling. In Figure 1, three top-view images are 
displayed, providing examples of reflection and transmission images as well as the 
temperature distribution after deposition and complete imbibition of the droplet into 
a paper substrate.  

To interpret the experimental results, a comprehensive numerical model has been 
developed. It includes phenomena such as moisture exchange between pores and 
fibers as well as solute adsorption to the pore walls.1-3  

In this presentation, a systematic study of factors governing ink transport dynamics 
will be demonstrated, elucidating the effects of individual ink constituents, such as 
surfactants and colorants, and deposition parameters, such as droplet volume and 
printing speed. 

a
 Fluids and Flow Group, Department of Applied Physics, Eindhoven University of Technology, NL. 

1 Murali, Zeegers, Darhuber, Int. J. Heat Mass Transfer 147, 118875 (2020).
2 Venditti, Murali, and Darhuber, Colloids Surf. A: Physicochem. Eng. Asp. 634  127832 (2022).
3 Venditti, Murali, and Darhuber, Langmuir 37, 11726 (2021).

Figure 1: Light reflection (a) and transmission (b) image and temperature distribution 

(c) after complete imbibition of a deposited droplet.
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Study of local hydrodynamics in porous media in inertial to 
transitional regimes: an experimental and numerical comparison 

F. Falkinhoffa,b , J.L Piersona, L. Gameta, A. Ponomarenkob, M.
Bourgoinb and R. Volkb 

Porous media are intrinsically multi-scale in nature, and we can therefore 
separate the velocity and pressure fields into a mean and a fluctuating component 
e.g.: u = <u>+ u’, allowing us to separate the small-scale effects -represented by
the fluctuating components- and the larger scale effects by studying the averaged
field. This averaged field is obtained by spatially smoothing the quantities involved
in the fluid phase over a representative volume that involves both the fluid and
solid phases, and some questions that naturally arise are: what is the appropriate
size of the volume taken into account into the averaging process? and what are the
limitations of the method for the different volumes? How are these affected by the
border effects?

We aim to explore this subject both numerically and experimentally in a 
transitional regime (from laminar to turbulent) by studying the pore-scale 
hydrodynamics of fixed beds of spherical particles in random arrangements. To 
achieve this we use the Particle Tracking Velocimetry (PTV) technique to obtain 
the local velocity field. Velocity statistics were computed, such as the Reynolds 
stress tensor and velocity correlation. The experimental results are to be then 
compared with those obtained by Direct Numerical Simulations, where we can 
also explore further effects, such border and local porosity effects. 

a
IFPEN Lyon, 69360, Solaize, France

b
Laboratoire de Physique , ENS Lyon, Lyon, France 

Figure 1: Velocity field inside a fixed bed of particles obtained by the 4D-PTV technique (left) 

and by DNS (right). 
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Two-phase flow in gas diffusion layer and cathode channel of a 
proton exchange fuel cell 

Danan Yanga, Himani Garga, Martin Anderssona 

Proton exchange membrane (PEM) fuel cells are a promising candidate as next-
generation power sources for portable, transportation, and stationary applications. 
Fluid transport properties are directly related to reactant gas transport, liquid water 
removal, and waste heat removal. In this study, the two-phase flow behavior inside the 
gas channel and gas diffusion layer (GDL), including their connecting interface, is 
investigated, while previous studies1,2 mainly focus on one of two domains. A 
numerical stochastic method is proposed to reconstruct the GDL based on structural 
parameters such as fiber diameter and porosity. In addition, a volume of fluid (VOF) 
approach in OpenFOAM (version 7.0) is used to simulate the water transport process, 
including liquid water removal, droplet accumulation, and water breakthrough. 

To investigate the influence of porosity on transport properties, different porosity 
(0.95, 0.92, and 0.82) in reconstructed GDL are implemented by adjusting the number 
of inside fiber cylinders. Furthermore, the contact angle related to hydrophilicity and 
hydrophobicity is set in solid carbon fibers and channel walls. 

The systematic analysis reveals that large porosity facilitates the breakthrough of 
water in the GDL but also forms large droplets in the channel while the fibers are 
hydrophobic, Fig. 1. A small contact angle corresponding to hydrophilicity accelerates 
the accumulation of water in the GDL, thereby affecting the expulsion of water, the 
diffusion of gases, and the humidity of the membrane. Simulations on a finer mesh 
using different contact angles are currently being performed to investigate this issue 
further. For future research, the impact of fiber diameter also needs to be considered 
and verified against experimental data. In addition, the reliability of the meshing 
strategy will be tested by more simulations. 

Figure 1. Left: reconstructed gas diffusion layer of porosity 0.82; Right: isosurfaces 
corresponding to volume fraction 0.5 for different porosity. 

a
Dep. Energy Science, Lund University, P.O.Box 118, Lund, 22100, Sweden 

1 M. Andersson et al., J. Power Sources  54, 159-171(2018).
2 D. Jiao, et al., Int. J. Heat Mass Transf. 177, 121543(2021).
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Clogging of constrictions by particle bridging in suspension flows

Nathan Vania, Deok-Hoon Jeonga, and Alban Saureta 

 Clogging can occur whenever a suspension, comprised of discrete particles in a 
continuous fluid, flows through a confined geometry. Clogging can impair technological 
applications, whether it is in irrigation, filtration, 3D printing, or microfluidic devices. 
The formation of clogs is often correlated to a reduction in the cross-section of the 
channel, and happens through one, or a combination, of three possible mechanisms: 
sieving of large particles, bridging of multiple particles, or progressive aggregation of 
small particles at the constriction.1 

We focus here on clogging by bridging, i.e., the formation of an arch of particle at a

constriction that hinders the flow downstream of the clog.2,3 This configuration

presents similarities with the classical problem of silo blockage with grains,4 with two
significant differences: the hydrodynamical interactions between particles, and the 
interstitial fluid flow conditions. For suspension flows, the relative influence of 
geometry and flow characteristics remain poorly understood. 
 Here, we rely on stereo-lithographically 3D-printed millifluidic devices, which lead 
to a precise control of the geometrical properties, and allow us to study clogging in 2D 
flows, as illustrated in figure 1. We characterize systematically the bridging of non-
Brownian particles, and we are able to directly visualize and track particles as they flow 
and form arches. We report the main conditions for clogging by bridging when varying 
the particle to constriction size ratio, the angle of the constriction, the volume fraction 
of the suspension, as well as the flow rate. A stochastic model is proposed to explain 
the emergence of bridges. 
 Understanding the mechanisms and conditions of clog formation is an important 
step for the optimization of engineering design and more reliable systems. 

Figure 1: Successive pictures showing an example of the clogging of a constriction by a 
suspension of volume fraction 9% and a constriction width to particle diameter ratio W/D=2.
The scale bar is 2 mm. 

a Dept. of Mechanical Engineering, University of California, Santa Barbara, CA 93106, USA
1  Dressaire and Sauret, Soft Matter, 13, 37 (2017) 
2 Marin et al, Phys. Rev. E, 87, 021102 (2018) 
3 Bielinsky et al, Phys. Rev. E, 104, 065101 (2021) 
4 Zuriguel et al, Sci. Rep., 4, 7324 (2014) 
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Surface-washing of contaminated porous substrates 

F. P. Conto’a, E. C. Butlerb, M. A. Etzolda, J. R. Landelb and S. B. 
Dalziela 

The cleaning of porous surfaces is a challenging problem in both everyday life and 
industrial practice since it can lead to redistribution of an absorbed contaminant 
within the porous material instead of the complete removal of the unwanted agent. 
The role of decontamination is particularly crucial when contaminants (such as 
chemical weapons agents and pathogens) pose serious risks to human health. 

In this work, we present surface-washing experiments modelling the 
decontamination of porous substrates. Structures composed of a porous matrix 
sintered onto solid glass backing and surrounds are integrated into a surface-washing 
apparatus equipped with camera-based and in-line UV-Vis diagnostics. A dyed fluid is 
placed onto the porous substrate to simulate the region of contamination, while the 
surface-washing is simulated by a thin (~ 1 mm) gravity-driven film of water flowing 
over an inclined plane. The resulting interaction between the cleansing film flow and 
the contaminating dye is then tracked using direct image analysis based on dye-
attenuation techniques, enabling study of the space-time evolution of the contaminant 
field over the porous medium. Additionally, a UV-Vis spectrometer monitors the 
contaminant concentration in the effluent during the washing. 

Our experiments provide insights on the role of initial conditions (e.g., ingress of 
contaminant) and the impact of cleaning strategies on industrial performances (e.g., 
amount of cleansing resources and decontamination time) and the relevant transport 
mechanisms of the contaminant. Importantly, they demonstrate a decontamination-
induced redistribution of the contaminant within the porous matrix. 

This research work has been financially supported by the Defence Science and 
Technology Laboratory. 

a
Department of Applied Mathematics and Theoretical Physics, University of Cambridge, 

Wilberforce Road, Cambridge, CB3 0WA, UK
b

Department of Mathematics, University of Manchester, Oxford Road, Manchester, M13 9PL, UK 

Figure 1: Surface-washing of a disodium-fluorescein droplet injected into a porous substrate. 

(a) Greyscale images. (b) Colour concentration maps.
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Decontamination-induced contaminant redistribution in porous 
media 

E. C. Butlera, F. P. Contób, M. A. Etzoldb, S. B. Dalzielb, J. Daoua and J.
R. Landela

The cleaning of porous materials is a ubiquitous and complex problem. Owing to 
the structure of such materials, surface contamination may ingress inside the pore 
space and become poorly accessible to a surface washing flow. Contaminant 
redistribution — where the washing flow encourages the contaminant to spread over 
the porous surface, resulting in additional contaminant absorption downstream — 
also makes it very difficult to monitor the levels of contamination throughout the 
material and determine whether cleaning has been successful. 

To obtain a quantitative understanding of redistribution in porous media, we 
propose a two-dimensional model for a washing flow over the surface of a wet porous 
medium contaminated by a drop of a single-species contaminant. We impose a single-
phase unidirectional flow through the porous medium and model the washing-flow 
using a linear shear velocity profile. At the interface, we assume continuity of the 
velocity. We construct a coupled mass transport problem to describe the 
concentration of contaminant in the washing flow and the porous medium. Advection 
and diffusion processes are considered both in the washing flow and porous medium, 
with the addition of dispersion effects in the porous medium. We focus our analysis 
on asymptotic regimes that exhibit contaminant redistribution in the porous medium 
and substantiate our results through a comparison with numerical simulations 
performed in COMSOL. The results of this investigation are used to suggest ways in 
which the cleaning process in porous materials can be improved to reduce the impact 
of contaminant redistribution and, ultimately, the levels of residual contamination left 
behind after cleaning has taken place. 

This research work has been financially supported by the Defence Science and 
Technology Laboratory. 

a
Dep. Mathematics, University of Manchester, UK

b
Dep. Applied Mathematics and Theoretical Physics, University of Cambridge, UK 
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Invasion pattern in a porous media: Effect of capillary number and 
viscosity ratio on finger structure 

S. Yanga, Z Caoa, Z Wub, L Wanga and J Revstedta

Geological carbon sequestration (GCS), which can achieve large storage of CO2 in 
places like deep saline aquifers, is an effective solution for the greenhouse effect. The 
instability of displacement plays an important role in CO2 storage capacity. It is then 
essential to understand the gas-liquid behaviour in the deep rock formation with many 
cracks, but which is still not comprehensively explored.  

In this study, air-glycerol solution displacement in porous media was investigated 
in a wide range of capillary number Ca and viscosity ratio M. A phase diagram was 
mapped to describe displacement morphologies of the gas-liquid, flow including 
viscous fingering (VF) and capillary fingering (CF) and crossover zone (CZ). The map 
matches that defined by Zhang et al.1. When the finger tip reaches the exit, capillary 
fingering stops expanding as shown in Figure1(a), whereas the viscous fingering 
continues to expand until almost all the void area is filled as indicated in Figure1(b).  

A digital image analysis method was applied to measure the invading phase 
saturation S. S at breakthrough moment declines rapidly with the increasing Ca and
then reaches a plateau. Because the elongated viscous fingering gradually forms in the 
VF region. S in the CZ region has only a small increment after the tip breakthrough.

A box-counting method was used to measure the fractal dimension FD. It is found
that lower M and higher Ca correspond to lower complexity of fingering structures
and the lower FD. This is because it is difficult for air to invade more viscous fluid in
the bypass and the air tends to invade straight ahead at the higher gas flow rates. 

Hydrodynamic behaviour of the invasion was captured by a microscope. When the 
pressure accumulation is not big enough to overcome the capillary pressure forward, 
tip stops for a while and its branches expand in the bypass with less capillary pressure, 
especially backward. This can be verified by the curve of tip position over time. 

a Dep. Energy Sciences, Lund University, Lund, Sweden 
b Dep. Electric Engineering, Zhejiang University, Hangzhou, China 
1 Zhang et al., Energy Fuels 25, 3493 (2011).

Figure 1: Invasion morphologies. 
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Experimental and numerical investigation on the influence of 
dispersion on convection in porous media 

M. De Paolia,b, C. Howlandb and D. Lohseb,c

Experiments and simulations are used to investigate the effect of dispersion on 
convective porous media flows. Dispersion is defined as the effect produces by the 
presence of obstacles in the flow, which make the fluid particles to spread in 
longitudinal and transverse direction due to their continue change of path. As a result, 
when the of a solute is contained in the domain, dispersion controls also the solute 
transport, and it makes predictions on the flow evolution hard to obtain. We consider 
here an unstable configuration defined as Rayleigh-Taylor instability, where a heavy 
fluid initially sits on top of a lighter one (figure 1a).  The flow is characterised by the 
interplay of diffusion and advection: initially diffusion controls the flow, but 
afterwards the action of gravity produces efficient fluid mixing in the entire domain. 
The competition between buoyancy and diffusion is measured by the Rayleigh-Darcy 
number, the value of which controls the entire dynamics of the flow. With the aid of 
experiments in bead packs (optical measurements) and pore-resolved numerical 
simulations (immersed-boundary method), we analyse the time-dependent evolution 
of this system, and we quantify the effect of dispersion on solute transport. The 
results are analysed at two different flow scales: i) at the Darcy scale (figure 1a), where 
the buoyancy-driven plumes control the flow dynamics, and ii) at the pore-scale 
(figure 1b), where diffusion promotes inter-pore solute mixing. The results obtained 
are compared against previous experimental and numerical works. 

a Institute of Fluid Mechanics and Heat Transfer, TU Wien, Getreidemarkt 9, 1060 Wien, Austria 
b Physics of Fluids Group, University of Twente, Drienerlolaan 5, 7522NB, The Netherlands 
c MPI for Dynamics and Self-Organization, Am Fassberg 17, 37077 Göttingen, Germany 

Figure 1: (a) Darcy flow in unstable (Rayleigh-Taylor) configuration (heavy fluid sits on top of 
a light fluid). (b) At the pore-scale, the mixing is controlled by the flow dynamics in the porous 
matrix. 
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        Dynamics of interface in a three-phase porous medium 

A. Shahmardia, O. Tammisolaa , M.E.Rosti b and L.Brandt a c

Fluid flow in a porous medium is of great importance in many industrial fields, such 
as oil recovery, non-aqueous phase liquid, fuel cell, etc1. Despite much research 
addressing a variety of questions on multiphase flows in porous media, the underlying 
physics is still a matter of debate. Occurrence of interfacial instabilities (fingering), 
different modes of interface advancement (cooperative and non-cooperative), the 
dynamics of the contact line, where the surface wettability comes into play, turn the 
fluid flow in porous medium into a complex physical problem. The dynamics of the 
interface depends on many parameters (geometry of the medium, surface wettability, 
surface tension and interfacial forces, density and viscosity of each phase, to name a 
few). In this research, we aim to focus on the combined effects of surface wettability 
and the ratio of the viscous to interfacial forces (Capillary number) and investigate the 
dynamics of the interface. Particularly, we compare the interface curvature, length, 
velocity, and position for each case under study to distinguish the dominant interface 
advancement mode (burst, merge, or touch). To do so, we employ a series of 
numerical simulations of the problem, using a novel fully Eulerian hybrid immersed 
boundary-phase field model 2. We study the problem in 2D for a wide range of 
Capillary numbers and contact angles with the porous medium consisting of a random 
arrangement of cylinders, see figure where the invading phase is driven by an imposed 
pressure gradient into a defending phase. We will examine both the transient and 
saturated states of the system. 

Figure 1:  Penetration of the invading phase (black) in a defending phase (yellow) over a 

hydrophilic medium for a capillary number Ca =1. 

a
SeRC (Swedish e-Science Research Centre) and Flow, KTH, Department of Engineering 

Mechanics, SE-10044 Stockholm, Sweden
b

Complex Fluids and Flows Unit, Okinawa Institute of Science and Technology Graduate   University, 

1919-1 Tancha, Onna-son, Okinawa, Japan 
c

Department of Energy and Process Engineering, Norwegian University of Science and Technology 

(NTNU), Trondheim, Norway 

1 Ferer, et. al., Physical Review E. 76, 046304, (2007) 
2 Shahmardi et. al., Journal of Computational Physics. 443, 110468 (2021). 
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Phase Separation Experiments for Application of Screen Channel 
Liquid Acquisition Device in Microgravity 

Prithvi Shuklaa, Michael Dreyerb 

Phase separation is critical for the supply of gas-free liquid propellant from the tank 
outlet to the engine of a spacecraft. In a microgravity environment, surface tension 
and contact angle become the governing mechanism for phase separation and dictate 
the position of the liquid-gas interface. Liquids with zero-degree contact angle tend to 
adhere to the tank wall, and gas stays in the center. Therefore, to maintain a constant 
supply of liquid to the outlet of the tank, a liquid acquisition device (LAD) is essential. 
Screen channel liquid acquisition devices (SC-LAD) are a type of LAD that work on 
the principles of capillary action. Liquid enters into the channel through a porous 
screen but the entry of gas is blocked as long as the pressure difference across the 
screen is below its bubble point. 

In this project, the experiment is designed to test the phase separation in a 
microgravity environment with the help of a screen channel liquid acquisition device 
SC-LAD. For this purpose, a supply tank has been designed with a SC-LAD inside it. 
The screen used in the SC-LAD is DTW 200x1400. The liquid is removed from the 
supply tank with the help of a gear pump and a combination of valves in the liquid 
pipeline. A total of 22 drop tower tests are performed with 9.1 seconds of 
microgravity each. The analysis of the sensor data and the images obtained by the 
high-speed cameras shows a successful separation of phases through the SC-LAD in 
subcritical conditions and ingestion of bubbles at the critical condition. A combination 
of various complex phenomena and their effects on one another could be also 
observed visually during the experiments. The phenomena observed are reorientation 
of the free surface under microgravity, capillary rise of liquids between parallel plates, 
flow through screen pressure loss due to applied removal flow rate and bubble point 
breakthrough of the screen. 

a
Department of Fluid Mechanics, Faculty of Production Engineering (FB04), ZARM, University 

of Bremen, Am Fallturm 2, Bremen, 28359, Germany 
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Capillary washboarding during the slow drainage of a frictional 
fluid 

L. Thorensa,b,e, K. J. Måløyb,d, E. G. Flekkøyb, B. Sandnesc, M. Bourgoina,
S. Santuccia

The slow drainage of a frictional fluid within a confined medium highlights the 
complex interaction between capillary action and granular stress. For instance, the 
displacement of grains by a water/air meniscus in a horizontal capillary tube results in 
the formation of plugs along the geometry1 (fig. 1a). Nevertheless, so far, the 
triggering of such instability has never been explored. Modifying systematically the 
wettability and surface tension of the draining liquid (using a water – alcohol mixture 
at various concentration) within a hydrophobic capillary as well as the height of the 
sedimented granular bed, we could identify the necessary conditions for the 
emergence of this bulldozing instability. Furthermore, we also reveal a new unstable 
regime of the drainage, leading to the periodic formation of dunes, analogous to the 
road washboarding instability (fig. 1b). 2D numerical simulations of a meniscus 
pushing a bulldozed front of particles explain our experimental observations. 

Fig. 1 – (a) Drainage inside a capillary tube resulting in a series of plugs along it1. (b) Phase 
diagram of the drainage experiment. Depending on the alcohol concentration of the solution, 

or initial height (0) of particles, different dynamics are observed. 

a
Univ Lyon, ENS de Lyon, CNRS, Laboratoire de Physique, F-69342 Lyon, France 

b PoreLab, The Njord Centre, Department of Physics, University of Oslo, P. O. Box 1048 Blindern, 
N-0316 Oslo, Norway
c Energy Safety Research Institute, Swansea University Bay Campus, Swansea, SA1 8EN, UK 
d PoreLab, Department of Physics, Norwegian University of Science and Technology NTNU, 7031 
Trondheim, Norway 
e Department of Mechanical Engineering, Tufts University, 200 College Ave, Medford, MA 02155, 
USA 

1 G. Dumazer et al., Physical Review Letters 117.2 (2016), p. 028002. 
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Transition from heterogeneous to homogeneous adsorption in 
porous media  

D. Maggioloa and Angela Sasic Kalagasidisb

Adsorption of waterborne contaminants flowing into soil media can be performed via 
the introduction of adsorbing particles diluted in the porous volume. This process is 
studied via pore-scale lattice-Boltzmann simulations by solving the advection-
dispersion-reaction equations in a media composed of packed spherical particles, at 
moderate Peclet and Damköhler numbers. The volume fraction of adsorbing particles 
is varied, leading to a variable medium adsorption efficiency and leakage of 
contaminant. Results unveil a transition from heterogeneous to homogeneous 
adsorption. Heterogeneous adsorption occurs with high volume fraction and small 
distances between adsorbing particles, where advection counteracts diffusive dilution 
to stretch the contaminant plume. In this condition the adsorption is heterogeneous, 
i.e. focused on the vicinity of the stretched contaminant plumes. For lower values of
volume fraction and for an increased average distance between adsorbing particles,
diffusion dominates over advection and the contaminant plume uniformly fills the
pores, leading to a more homogeneous adsorption, yet with substantial contaminant
leakage. This transition and different plume structures are shown to be determined by
the distribution of spatial distances between adsorbing particles, which, for a random
uniform distribution, can be modelled via a homogeneous Poisson process.

Figure: (a) Adsorbing spherical particles, in yellow. (b) Planar porosity. (c) Spatial distribution of distances 
between adsorbing particles. (d) Snapshot of contaminant plume transport. 

a  Dept. Mechanics and Maritime Sciences, Chalmers University of Technology, 412 96 Gothenburg, 
Sweden
b Dept. Architecture and Civil Engineering, Chalmers University of Technology, 412 96 Gothenburg, 
Sweden 
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Plasma assisted hydrogen combustion for scramjet engines 

T. Nilssona and C. Furebyab

The scramjet engine is considered to be the technology that can enable hypersonic 
stratospheric flight. One of the main issues is the ignition and consumption of the 
fuel, typically hydrogen, during the short residence time in the combustion chamber. 
Electric discharges have been proposed as a method to assist ignition and combustion 
in scramjet engines by exciting the reactant molecules. However, such plasma assisted 
engines are still in early research and the mechanisms are not yet fully understood. In 
this work we perform simulations of a model scramjet combustor equipped with a 1.4 
kW arc discharge and which has been experimentally studied at the ONERA-
LAERTE facility.1 Figure 1a shows the combustor, the flame visible in the top right.  
 Large Eddy Simulation (LES) was performed using a density-based compressible 
solver with the dynamic k-equation turbulence model and the partially stirred reactor 
combustion model. Chemistry is modelled by the Z22 H2-air reaction scheme2, which 
is suitable for ignition problems, combined with relevant reactions for the two first 
vibrationally excited states of hydrogen, including de-excitation. The arc is modelled 
by heating and excitation in a prescribed volume extracted from experimental images.  
 A previous experimental study1 observed a distinct increase of about 10% in the 
pressure in the flame region, measured along the combustor floor centreline, when the 
discharge was turned on. This observation has been reproduced by the present 
simulations as shown by the time averaged pressure in figure 1b. With the discharge 
the combustion also takes place at a higher temperature but there is no apparent 
change in flame position. By adjusting the amount of heat added in by the model 
discharge it was found that the observed effects of the discharge were almost solely 
due to hydrogen excitation in this configuration. The heat source did not contribute 
significantly until it had been increased to about 5 kW.  
 Further studies will also investigate the excitation of oxygen molecules as the 

highly reactive and long-lived singlet g state is showing promising potential.  

a
Faculty of Engineering, Dep. Energy Sciences, Lund University, Lund, Sweden

1 Vincent-Randonnier et al., 55th AIAA Aerospace Sciences Meeting, 2017-1975 (2017). 
2 Zettervall and Fureby, 2018 AIAA Aerospace Sciences Meeting, 2018-1146 (2006). 

Figure 1: (a) Experiment with and without discharge (b) Average pressure along combustor. 
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The relative importance of kerosene surrogate choice and reaction 
mechanism complexity in LES of turbulent combustion

A. Åkerbloma & C. Furebya

Large Eddy Simulation (LES) is a useful tool for researching turbulent combustion, 
but its computational cost necessitates that any finite-rate chemical reaction 
mechanisms used in conjunction are compact and efficient. Therefore, expensive yet 
feasible mechanisms should be compared with inexpensive mechanisms so that the 
capabilities of inexpensive mechanisms can be better understood. 

Here, LES is used to simulate a generic, liquid-fueled, swirl-stabilized gas turbine 
combustor at conditions emulating an idling aeroengine1. Two kerosene surrogates are 
investigated in the simulations, represented by C11H22 and C12H23. For C11H22, a single 
pathway-centric mechanism2,3 (HyChem A2) is employed, while two mechanisms of 
different complexity are employed for C12H23: a pathway-centric mechanism2,3 
(HyChem A3) and a global mechanism4 (F2). In these simulations, HyChem A3 is on 
average ~10 times as computationally expensive as F2. 

Figure 1 gives a picture of the flame shape in each simulation via the time-averaged, 
azimuthally integrated heat release. These results are superimposed on a cross section 
of the combustor, including mean velocity streamlines colored by mean temperature. It 
is immediately clear that the difference between the two HyChem mechanisms is greater 
than the difference between the two C12H23 mechanisms, indicating that the choice of 
surrogate fuel has a greater impact than mechanism complexity on the simulation 
results. The primary difference between the two fuel surrogates lies in the flame lift-off 
distance, which is greater for C12H23 than for C11H22. The global mechanism thus 
provides an efficient way to capture the flame shape and can be used to optimize a 
simulation approach before introducing a more complex mechanism.  

a Dept. of Energy Sciences, Lund University, PO Box 118, SE 221-00, Lund, Sweden 
1 Meier et al., J. Eng. For Gas Turbines and Power. 134, 031503 (2012).
2 Wang et al., Comb. Flame. 193, 502 (2018).
3 Xu et al., Comb. Flame. 193, 520 (2018). 
4 Franzelli et al., Comb. Flame. 157, 1364 (2018). 

Figure 1: Flame shape in each simulation, superimposed on a cross section of the combustor. 
The transparent panel is the region where the flame is located. Purple: liquid fuel spray. 
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Large Eddy Simulations of spray flames of biodiesel surrogate

C. Sula1, H. Grosshans2 and M.V. Papalexandrisa

 The use of alternative fuels for engine applications has attracted a lot of attention 
due to increased concerns over the CO2 emissions generated by the combustion of 
fossil fuels. One promising example of such fuels is biodiesels for use in internal 
combustion engines, such as the Karanja Methyl Ester (KME). In this work, we report 
on numerical studies of spray combustion of a surrogate of KME via Large-Eddy 
Simulation. The surrogate fuel considered herein is a blend of n-dodecane (64.32%) 
and methyl butanoate (35.68%), which replicates the main characteristics of the actual 
gaseous KME biodiesel. The main objectives of this study is to investigate the 
properties of spray combustion of this surrogate and to compare them with those of 
standard diesel fuels.  
 The computational setup follows closely the conditions of the reactive “Spray A” 
baseline defined by the Engine Combustion Network. Concerning the numerical 
methodology, we employ the Eulerian approach for the gaseous phase, coupled with 
Langrangian Particle Tracking for the motion of the liquid fuel droplets. For the 
breakup of the droplets we employ a modified version of the Taylor Analogy Breakup 
model that we presented recently1. Further, with regard to combustion modelling and 
turbulence-chemistry interaction, we employ the Flamelet-Generated Manifold (FGM) 
which is based on tabulated chemistry and in which the advancement of the reaction 
process and composition of the mixture is described in terms of certain control 
variables.  Herein, we employ a new implementation of the FGM approach according 
to which the energy equation is cast in terms of the sensible enthalpy2. This allows the 
direct computation of the temperature and the temperature-dependent properties of 
the mixture, which results in significant computational savings.  
 In this presentation we discuss our numerical predictions for key characteristics of 
the combustion process, such as ignition delay time, flame lift-off length and flame 
temperature, and compare them with those of surrogates of standard diesel fuel. 
Further, we present results for the concentrations of the following species: i) CH2O 
which is an indicator of the transition from low to high-temperature combustion, ii) 
OH which is an indicator of high-temperature combustion region, and iii) C2H2, 
which is a key soot precursor. 

1
Université catholique de Louvain, Institute of Mechanics, Material and Civil Engineering, 

Louvain-la-Neuve, Belgium
2

Physikalisch-Technische Bundesanstalt, Braunschweig, Germany
 1 Sula et al., Flow Turbul. Combust., 105, 889 (2020). 
 2 Sula et al., Flow Turbul. Combust. (in press), (2022). 
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An efficient numerical approach for estimating the flame 
describing function of hydrogen jet diffusion flames 

P. Giraudia, A. S. Morgansa, M. Piccianib

Thermoacoustic instabilities are one of the main hazards that engineers must deal 
with during the combustion chamber design process. These are caused by positive 
feedback between the acoustic field within the combustion chamber and the unsteady 
heat release rate of the flame. If this positive feedback is not sufficiently damped, 
successively increasing acoustic pressure and heat release rate oscillation amplitudes 
occur and can lead to mechanical failure. 

Literature on the acoustic response of carbon-based fuels is available. However, as 
the world transitions to more sustainable technologies, hydrogen is likely to replace 
these fuels in some of their current applications. Unfortunately, several studies suggest 
that combustors with hydrogen flames have an increased propensity to 
thermoacoustic instabilities. Furthermore, hydrogen's unique properties, including its 
very low density, high mass and thermal diffusivities mean that simplified approaches, 
which worked well for conventional fuels, may no longer be sufficient for hydrogen 
flames.  

This study focuses on the weakly nonlinear response of hydrogen jet diffusion 
flames to upstream velocity forcing. Unlike more conventional fuels, in the case of 
hydrogen, the effect of differential diffusion, density and heat capacity is thought to 
have a significant influence on the flame structure and heat release rate, therefore, a 
formulation that accounts for some of these effects is here considered. 

This study proposes a new numerical solver which can be used to efficiently 
estimate the flame describing function of hydrogen jet diffusion flames. The model 
exploits the infinitely fast chemistry assumption, decomposing the combustion 
process into a mixing problem and a chemical reaction problem. The first is solved by 
integrating a diffusion-convection equation obtained from the chemical species 
conservation equation, and by imposing general mass continuity. The second, by 
solving the one-dimensional diffusion flame equilibrium problem. The flame structure 
is then imposed over the mixing solution and the temperature field is integrated over 
the domain to predict the heat released by the flame. By harmonically exciting the 
velocity boundary condition at the inlet of the jet flame, the flame describing function 
(FDF) of the flame can be obtained. Validation against numerical simulations and 
experimental measurements showed good solution accuracy. Flames obtained by 
burning pure hydrogen and perfectly cracked ammonia have been tested and the 
results are presented. The effect of the inlet temperature was investigated, as well as 
the effect of high water concentrations in the oxidiser stream. Compared to DNS, the 
reduced computational cost of this solver allows for extensive parametric studies, and 
if coupled with low order acoustic network solvers like OSCILOS, it can be used as a 
powerful tool in the early stages of combustion chamber design. 

a
Dep. Mechanical Engineering, Imperial College London, Exhibition Rd, London, SW7 2BX, UK 

b
Reaction Engines LTD, Abingdon, Oxfordshire, UK
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Stability of a reactive layered channel flow 

S. N. Maharanaa, K. C. Sahub, and M. Mishra 

A slight viscosity stratification can significantly stabilize or destabilize channel/pipe 

flows1. This makes the analysis of viscosity stratified flows omnipresent, with vast 

environmental, geophysical, and industrial impacts2. At the same time, it is known that 

chemical reactions can modify the physical property of a solution like its viscosity or 

density through a change in pH, composition, or temperature, which leads to Chemo-

hydrodynamic instabilities3. Stability analysis of such chemical reactions is only limited 

to Darcy’s convection4. However, recently, Kelvin-Helmholtz instability (KHI) was 

encountered while a simple A+ B→C reaction modified the viscosity in a channel where 

the Navier-Stokes equations drive the displacement flow5. We formulate the linear 

stability problem of such a system following the Qussy-Steady-State-Approximations. 

To do so, we take a layered flow where the reactants A and B meet around a horizontal 

flat interface to produce a more viscous product, C. It is found that at a low reaction 

rate, even for a low Reynolds number, the growth rate becomes positive, making the 

flow unstable for a finite band of wave numbers. A complete parametric study and 

control of the flow dynamics through the linear stability analysis will be discussed in 

this talk. 

a
Dep. Mathematics, IIT Ropar, Punjab, 140001, India

b
Dep. Chemical Engineering, IIT Hyderabad, Telangana, 502284, India

1 Govindarajan et al., Phys.Rev. Lett. 87, 174501 (2001).
2 Govindarajan and Sahu, Annu. Rev. Fluid Mech. 46, 331 (2014).
3 De Wit, Ann. Rev.  Fluid Mech. 52, 531 (2020). 
4 De Wit, Phys. Rev. Lett. 87, 054502 (2001).
5 Maharana and Mishra, J. Fluid Mech. 925, A3 (2021). 
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Large eddy simulation of wet syngas combustion relevant to gas 
turbine power plants 

Rahul Palullia, Kai Zhanga, Felix Gütheb and Christophe Duwiga 

The wet combustion gas turbine cycles can attain high electrical efficiencies of over 
about 60% without a steam turbine, primarily because it utilises the waste heat from 
the hot products exiting a gas turbine to generate steam. This steam is fed back into 
the combustor as working fluid. The steam replaces the air in the working fluid and 
decreases the adiabatic temperature in the combustor due to its high specific heat, 
thus reducing NOx emissions. Furthermore, steam dilution decreases the reactivity of 
the mixture leading to a distributed flame region unlike the thin flames observed in 
dry flames. 

In this work, large eddy simulation is carried out on the computational domain shown 
in Figure 1. Only the relevant parts of the domain are revealed here. The air and fuel 
streams are fed separately and mixed in a mixing tube before being fed to the 
combustor. The contours of time-averaged CH2O and OH are also shown in Figure 1 
to shed light on the flame behaviour. The velocity vectors in Figure 1 represent the 
time-averaged axial velocity field. The regions of negative axial velocity are shown by 
black vectors. They show the recirculation regions near the centreline and near the 
walls at the combustor inlet, both of which facilitate flame stabilisation. The former is 
called the central or inner recirculation zone (CRZ) while the latter is the outer 
recirculation zone (ORZ). These recirculation zones interact with the flame and 
influence its stability substantially.  

This study presents the characteristics of such a distributed syngas flame using several 
flame definitions. Additionally, the flow-field is illustrated to examine the interaction 
of the recirculation regions with the flame.  

Figure 1: A schematic of the computational domain. The flow-field is shown by the axial 

velocity vectors and the mass fractions of CH2O and OH are represented by the blue and red 
contours, respectively. 

aDepartment of Chemical Engineering, KTH Royal Institute of Technology, Brinellvagen 8, Stockholm 
114 28, Sweden 
bPhoenix Biopower AB, Drottning Kristinas väg 18, 114 24 Stockholm, Sweden. 
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Reactive working fluid concept for efficient low-temperature heat 
harvesting 

Kai Zhanga, Rahul Palullia, Christophe Duwiga 

Energy-intensive industries have a strong need to recover their waste heat (<100 °C) 
but converting low-grade heat to electricity is typically very inefficient and non-
profitable. For instance, a typical data centre in Sweden consumes 1.2 MW/year of 
electricity for running their servers. Ninety-nine percent of this energy is wasted 
through water/air cooling of the heat dissipated by the electronic component. A 
conventional district cooling and heating system saves part of this energy, but high 
investment cost is often needed and the profits from supplying heat to residents are 
low. Therefore, there is an urgent demand to develop a low-cost, efficient solution for 
converting low-temperature heat to electricity.  

Zhang et al.1 investigated the heat transfer mechanism by reversible N2O4-NO2 
reaction using direct numerical simulation. With the reactive fluid flowing in a channel 
(frictional Reynolds number=180), ~170% more energy can be extracted from a low-
temperature hot source compared to non-reactive fluid. The heat transfer coefficient 
was improved by 600%. Attributing to the reversible nature of this reaction, an 
efficient regenerative Brayton cycle can be utilised for electricity generation. 

In the present work, large eddy simulation of the reactive fluid is carried out to 
investigate the performance of reactive fluid in a practical heat exchanger (HTX). 
Figure 1 shows how the velocity and heat release rate are distributed in the HTX. 
Exothermic reaction occurs when N2O4 is heated by the hot wall (orange hot spot), 
forming 2NO2. Endothermic reaction occurs when there is a mixing between hot and 
cold fluid. The characteristics of the reactive flow will be presented at four 
comparable conditions (fixed Reynolds number), with the aim to unravel the full 
potential of this revolutionary technology. 

Figure 1: (a) Velocity distribution. (b) Heat release rate in the heat exchanger. 

a
Dep. Chemical Engineering, KTH Royal Institute of Technology, Brinellvagen 8, Stockholm 114 

28, Sweden 
1 Zhang et al., Int. J. Heat Mass Transfer. 182, 121946 (2022).
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Figure 1: temperature field in flashback conditions.

Quantification of uncertainty for the numerical analysis of 
flashback when feeding hydrogen-admixtures  

in multi-hole burners 

F. Fruzzaa, R. Lamionia, M.V. Salvettia and C. Gallettia

The EU Green Deal asks for a massive integration of renewable energy sources. In this 
context, hydrogen (H2) produced through electrolysis from excess wind and solar 
power can act as an energy vector that may be directly burnt in existing end-user 
systems, i.e., domestic appliances and industrial furnaces/ovens. Besides, an amount of 
hydrogen can be injected in the existing gas networks exploiting the existing 
infrastructure for storage and transport, thus allowing to face the variability and 
intermittency of renewable energy sources. 

However, hydrogen shows significantly different reactivity and power density from 
those of natural gas (NG). The adiabatic flame temperature is much larger, eventually 
improving the formation of NO via the thermal route. Moreover, the difference in the 
flame propagation is dramatic, with the laminar flame speed of the hydrogen (2.5 m/s) 
being extremely larger than the one of natural gas (0.3 m/s). This behavior may lead to 
serious issues related to flashback phenomena, such as excessive burner temperatures, 
which may compromise performances, and safety problems. Even if some experimental 
data exist on the characteristic speed of the various H2-enriched mixtures1 a 
characterization in terms of operating conditions that makes the use of perforated 
cylindrical burners efficient and safe is lacking. In particular, no numerical models have 
been proposed to predict the conditions leading to flashback in terms of operating 
parameters. 

The present work proposes a numerical model able to determine the condition, in 
terms of velocity, leading to flashback. To this purpose, we simulate a premixed 
hydrogen-natural gas flame issuing from a hole emulating a portion of a real perforated 
burner in a condensing boiler. We investigate flashback limits for various NG/H2 
mixtures at different equivalence ratios, to relate the flashback phenomenon with the 
physical properties of the flame. Since the flame-wall interaction plays a crucial role in 
flashback, we model the conjugate heat transfer between the flame and the burner and 
monitor the operating temperatures. Furthermore, we use uncertainty quantification 
and sensitivity analysis techniques to investigate the effect on flashback occurrence of 
geometry parameters, such as the distance between burner holes. 

a
Dip. di Ingegneria Civile e Industriale, Università di Pisa, Largo Lucio Lazzarino 2, 56122 Pisa, Italy 

1  de Vries et al., Applied Energy 208, 1007 (2017)
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Instability of a bluff-body-anchored flame
C. Wanga, L. Lesshaffta and K. Oberleithnerb

Linear eigenmodes of a premixed flame are computed, and the predictions of onset 
and frequency of self-sustained flame oscillations are compared to nonlinear 
simulation results1. The flame is laminar, at Re=500, anchored to a square prism inside 
a channel. The principal control parameter is the temperature of the prism. Similarly 
as in non-reacting bluff-body wake configurations, the critical parameter for the onset 
of oscillations is accurately predicted by the linear instability of the steady flow 
solution, but their frequency is only matched when the mean flow is taken as a base 
state. At unity Lewis number, a wavemaker analysis2 characterises this instability as 
being driven by hydrodynamic effects only (Figure 1b); the flame therefore only 
oscillates passively. It will be discussed to what extent non-unity Lewis number 
configurations, of which hydrogen flames are one example, may involve combustion 
dynamics as active instability mechanisms. 

However, the presence of combustion does have a decisive influence on the instability 
through its effect on the mean flow: at Re=500, ignition of the flame renders the flow 
stable, as long as the prism temperature is below 800 K. This is attributed to the 
thermal expansion across the flame front, and the resulting change of the near-wake 
structure (Figure 1a). In non-reacting bluff-body wakes, heating of the body is known 
to have a stabilising effect, whereas in the reacting case higher temperatures act 
destabilising. 

a
LadHyX, CNRS, Ecole polytechnique, Institut polytechnique de Paris, 91120 Palaiseau, France

b
Laboratory for Flow Instabilities and Dynamics, TU Berlin, 10623 Berlin, Germany 

1 Kedia and Ghoniem, Combust. Flame 161(9), 2327 (2014).
2Giannetti and Luchini, J. Fluid Mech. 581, 167 (2007).

Figure 1: (a) Steady base flow (temperature in Kelvin and streamlines); upper half: 
with flame ignited, lower half: without flame. (b) Wavemaker field of the marginally 
stable eigenmode at prism temperature 800 K. 
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Flow regimes, mixing degree and reaction yield in microreactors 

M.V. Salvettia, A. Mariottia, S. Tomasi Masonia, M. Antognolia, R. Mauria,
E. Brunazzia and C. Gallettiab

Experimental flow visualizations, PIV, and simulations are carried out jointly to 
investigate how the flow regimes affect the reaction yield in T- and X-microreactors1,2. 
The microreactors are fed with an aqueous solution of ascorbic acid into one of the 
inlet channels and an aqueous solution of methylene blue and hydrochloric acid into 
the other which, upon reacting, produce a colorless reaction product that can be 
directly measured in experiments. Different kinetic constants are considered. 
The interaction between chemical reactions, flow topology, and mixing is not trivial. 
At low Reynolds number, Re, the two reactant streams remain stratified in the mixing 
channels due to their different densities, and mixing is promoted only by diffusion. By 
increasing the Reynolds number, the engulfment regime occurs, which is characterized 
by the presence of vortical structures (different in T- and X-microreactors) in the 
confluence region and in the outlet channels, enhancing mixing thanks to convection. 
In the stratified regime, the reaction yield decreases with the Reynolds number due to 
a decrease in residence time. Instead, with the onset of the engulfment regimes, the 
reaction yield starts to increase with Re because the enhancement in the mixing degree 
between the streams overcomes the reduction of the residence time. The reaction 
yield also depends on the Damköhler number (Da), which represents the ratio 
between the characteristic time of chemical reaction and that of convection, and on 
the reaction kinetic constant. In the stratified regime, the reaction yield follows a Da0.3 
dependence, independently of the kinetic constant. In the engulfment regime, on the 
other hand, there is a strong dependence also on kinetic constant for both T- and X-
microreactors.  

a
Dip. di Ingegneria Civile e Industriale, Università di Pisa, Largo Lucio Lazzarino 2, Pisa, Italy 

1 Mariotti et al., Phys. Rev Fluids 6(2), 024202 (2021).
2 Tomasi Masoni et al., Chem. Eng, J. 437, 135113 (2022).

(a) (b) (c)

Figure 1: T-microreactor: (a) Stratified flow regime at Re=20, (b) engulfment flow regime at 

Re=150, and (c) reaction yield  as a function of the Damköhler number1.  
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Development of computational tools for simulations of chemically 
reacting hypersonic flows 

A. T. Margaritisa, C. Scherdingb, T. Sayadib, O. Marxenc and P. J. 
Schmida,d 

Hypersonic flows are present in a variety of aeronautical and space applications. 
Accurate and reliable simulations of such flows are crucial for computing macroscopic 
quantities that are relevant to aircraft, spacecraft, and mission design. Hypersonic 
flows, especially near walls in the boundary-layer region, involve a combination of 
multi-physics phenomena, many of which interact in ways that are not yet clearly 
understood. A significant effect is often observed in the numerical prediction of 
phenomena and quantities of interest when modifying model parameters or 
considering additional physics in the problem. Therefore, the accuracy and reliability 
of such simulations depend heavily on the choices of numerical methods and 
thermochemical models used. In this work, we present current developments toward 
an efficient computational tool for chemically reacting hypersonic boundary-layer 
flow. This numerical solver is based on existing tools for the compressible Navier-
Stokes equations, extended to include finite-rate chemical reactions and real-gas 
thermodynamic and transport models. The solver uses high-order compact finite-
difference discretisation and a selection of Runge-Kutta time-integration techniques. 
This extended solver is further coupled with the open-source thermodynamic library 
Mutation++1 which provides the required thermodynamic, transport, and chemical 
kinetics properties for a variety of models. A range of numerical approaches and 
thermochemical models are investigated and discussed. An artificial-diffusion shock-
capturing scheme is implemented to tackle the appearance of discontinuities. Results 
are presented for a set of benchmark cases, including reacting hypersonic flat-plate 
boundary layers and jet injection in hypersonic crossflow. Finally, capabilities for 
further improvements and sensitivity analysis with direct-adjoint techniques are 
introduced and discussed. 

a Department of Mathematics, Imperial College London, SW7 2AZ, London, United Kingdom 
b CNRS, Institut Jean-le-Rond d’Alembert, Sorbonne University, 75252, Paris, France 
c Dept. of Mech. Eng. Sciences, University of Surrey, GU2 7XH, Guildford, United Kingdom 
d Dept. of Mech. Eng., KAUST, 23955, Thuwal, Kingdom of Saudi Arabia 

1 Scoggins et al., SoftwareX 12, (2020).
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Flame-acoustics interaction for flames in a narrow duct: effect of 
Lewis number and heat losses 

C. Jiméneza and V. Kurdyumova

In this paper, we present a numerical study of the impact of heat losses and the 
differential diffusion effect on the flame-acoustics interaction for flames propagating 
from the open to the closed end of a narrow channel. It has been demonstrated that 
symmetric and non-symmetric flame solutions may exist in narrow channels for 
certain values of the parameters, with non-symmetric flames corresponding to the 
stable solutions1. Moreover, it was recently shown that symmetric and non-symmetric 
flames result in different responses to acoustic waves in adiabatic channels2. The 
present study shows that the interaction of the flame with acoustics is also 
significantly influenced by heat losses and the Lewis number through a change in the 
shape of the flame: increasing the heat losses tends to make the flames symmetric and 
low Lewis numbers result in more non-symmetric, faster flames and large amplitude 
pressure oscillations.  

a
Energy Dep. CIEMAT. Avda. Complutense 40, 28040 Madrid. Spain

1 A. Dejoan, C. Jiménez, V.N. Kurdyumov, Combust. Flame 209 (2019) 430-440 
2 Jiménez, Fernández-Galisteo and Kurdyumov, Combust. Flame 225 (2021) 499-512. 
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Figure 1: Acoustic instabilities for a Le=0.3 flame with moderate heat losses propagating from 
the open to the closed end (right to left) of a channel. The figure shows the flame shape along 
the propagation (top), and the pressure signal as a function of time (bottom) 
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Flame propagation in narrow channels: impact of the gravity field 
on the flame shape 

A. Dejoana, C. Jiméneza, V, Munteanb, D. Martínez-Ruizb, M. Sánchez-
Sanzc and V. Kurdyumova, 

We study by numerical analysis the effect of gravity, or buoyancy forces, on the 
structure of flames propagating in horizontal channels. It is shown that there are two 
mechanisms that lead to the appearance of non-symmetric flames. There is an obvious 
mechanism related to buoyancy, by which a hotter gas of lower density tends to be 
located in the upper half of the channel. However, as shown recently in numerical 
simulations1, there is a second mechanism associated with the intrinsic flame 
instabilities, diffusive-thermal instability and hydrodynamic Darrieus-Landau 
instability, which can also cause the loss of flame symmetry. This mechanism can, for 
certain values of the parameters, overcome buoyancy, and bring hot gases to the lower 
part of the channel. In this case, two stable non-symmetric solutions may exist in the 
presence of gravitational forces and the establishment of one or another configuration 
depends on the initial conditions. The stability of these solutions is demonstrated by 
time-dependent computations. 

b
ETSIAE. Universidad Politécnica de Madrid. Pza. Cardenal Cisneros, 28040 Madrid. Spain.

c
Thermal and Fluid Eng. Dep. Universidad Carlos III de Madrid. Avda Universidad 30. 28911 

Leganés, Madrid. Spain.  

1 A. Dejoan, C. Jiménez, V.N. Kurdyumov, Combust. Flame 209 (2019) 430-440. 

Figure 1: Symmetry index (left) and flame speed (right) as a function of the reactants flow rate 
m for flames propagating in a channel at different gravity conditions (given by G).

a
Energy Dep.. CIEMAT. Avda. Complutense 49. 28040 Madrid. Spain.
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Structure of an electrified turbulent diffusion flame 

M. Di Renzoa and B. Cuenota

External electric fields have the potential to control multiple aspects of combustion. 
For instance, experiments have shown that electric fields can reduce pollutant 
emissions, stabilize flame instabilities, and anchor lifted flames. In this work, the 
structure of a turbulent methane/air diffusion flame impinged by an external electric 
field is numerically analysed. In particular, the effects of sub-breakdown electric fields, 
which mainly affect the momentum of the flow, will be taken into account. The main 
questions that will be addressed in the talk are: 

• What is the coupling between the electric forces and turbulence?
• What small-scale phenomena will be relevant in the formulation of Large-Eddy

Simulation sub-grid scale models?
This analysis will be carried out using the results of direct numerical simulations of a 
turbulent diffusion flame immersed in a temporal mixing layer. This setup, shown in 
Figure 1, consists of two streams flowing in opposite directions in a bi-periodic 
computational domain. The Reynolds number of the defined shear layer is sufficiently 
high to warrant transition to turbulence. One stream is composed of air and the other 
of a mixture of methane and nitrogen such that the stoichiometric mixture fraction is 
equal to 0.2. In this way, the flame is positioned close enough to the shear layer to 
trigger turbulence/chemistry interactions. A constant difference of potential is 
imposed in the non-periodic direction of the computational domain. The presented 
calculations are carried out using the Hypersonic Task-based Research solver1,2,3. 

a Centre Européen de Recherche et de Formation Avancée en Calcul Scientifique, 42 Av. Gaspard 
Coriolis, 31100 Toulouse, France. 

1 Di Renzo, Computer Physics Communications 272, 108247 (2022) 
2 Di Renzo et al., Computer Physics Communications 261, 107733 (2021) 
3 Di Renzo et al., Computer Physics Communications 255, 107262 (2020) 

Figure 1: Contour plot of the instantaneous velocity (left) and temperature (right) fields. The velocity is 
normalized by the total velocity difference across the shear layer (DU) and the temperature is normalized 
by a reference temperature equal to 300 K. The green arrow on the right-hand side shows the direction of 
the mean electric field considered in this study. 
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Pumping and mixing in active pores 

G. C. Antunesa,b,c, P. Malgarettia,b,c, J. Hartingc,d and S. Dietricha,b

We show both numerically and analytically that a chemically patterned active pore 
can act as a micro/nano-pump for fluids, even if it is fore-aft symmetric. This is 
possible due to a spontaneous symmetry breaking which occurs when advection rather 
than diffusion is the dominant mechanism of solute transport. We further 
demonstrate that, for pumping and tuning the flow rate, a combination of geometrical 
and chemical inhomogeneities is required. For certain parameter values, the flow is 
unsteady, and persistent oscillations with a tunable frequency appear. Finally, we find 
that the flow may lose its axial symmetry and hence promote mixing in the low 
Reynolds number regime. 

a
Max-Planck-Institut für Intelligente Systeme, Heisenbergstr. 3, 70569 Stuttgart, Germany

b
IV. Institut für Theoretische Physik, Universität Stuttgart, Pfaffenwaldring 57, 70569, Stuttgart,

Germany 
c 

Helmholtz-Institut Erlangen-Nürnberg für Erneuerbare Energien (IEK--11), Forschungszentrum 

Jülich, Cauer Str. 1, 91058 Erlangen, Germany 
d
 Department Chemie- und Bioingenieurwesen und Department Physik, Friedrich-Alexander-

Universität Erlangen-Nürnberg, Fürther Str. 248, 90429 Nürnberg, Germany 
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Large Eddy Simulation of a Glove Box fire with a multi-fuel 
extension of the Eddy Dissipation Model 

U. Chikkabikkodua,b and G. Boyera

In recent years, full scale Glove Box (GB) fire tests performed in the IRSN BAG CSS1 
test campaign have shown unexpectedly large fire powers, large temperature and 
temperature homogeneity compared to usual turbulent diffusion flames encountered 
in other fire sources. Therefore, in this work, Large Eddy Simulations are performed 
using the IRSN CALIF3S-Isis fire simulation software developed at IRSN to 
tentatively describe the GB flow dynamics and internal combustion at the stage of the 
fire scenario of maximum heat release rate and internal temperature. 
The considered configuration (BAG CSS 1.2) contains two PMMA panels and two 
polycarbonate panels that have melt down at the considered fire stage; the other sides 
are stainless steel plates. The boundary conditions (temperatures, mass flow rates for 
the pyrolysing PMMA panels and molten polycarbonate) are fixed according to the 
experimental data. Due to the presence of two distinct fuels (PMMA and 
polycarbonate pyrolytic gases), a multi-fuel extension of the EDM turbulent 
combustion model of the CALIF3S-Isis software has been developed. For the 
turbulence, the WALE subgrid viscosity model is used. The heat balance accounts for 
the radiative losses by solving the radiative transfer equation (Finite Volume Method).  
According to the simulations, the following phenomena arise. Large vortical structures 
and shear instabilities allow a strong turbulent mixing and the entrainment of large 
amounts of fresh gases through the glove holes and the air gaps. This eases the 
combustion of excess pyrolytic gases maintained inside the Glove Box and explains 
the large heat release rate and temperatures observed in the experiments. Reciprocally, 
the resulting heat fluxes applied on the pyrolysing surfaces, dominated by the radiative 
contribution, are consistent with the experimental pyrolysis and explain the emergence 
of such a large heat release rate combustion regime. 

a
Institut de Radioprotection et de Sûreté Nucléaire (IRSN), PSN-RES/SA2I/LIE, Cadarache, 13115 St 

Paul Lez Durance, France. 
b PPRIME UPR3346 CNRS and ENSMA, 1 Avenue Clément Ader, Futuroscope Chasseneuil 86961, 
France 
1 Coutin and Audouin, 15th SMIRT 24 - Post Conference Seminar, 2017 

Figure 1: (a) BAG CSS 1.2 test. (b) LES of the BAG CSS 1.2 glove box fire test: 

instantaneous temperature field. 
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Effective viscosity of dilute bubble suspensions 
in medium amplitude oscillatory shear flows 

K. Ohiea, T. Yoshidab, Y. Tasakaa and Y. Muraia

The effective viscosity of dilute bubble suspensions in oscillatory shear flows was 
studied with ultrasonic spinning rheometry (USR), which has high applicability to 
complex fluids especially for multi-phase states1. The oscillation given is assumed as 

medium amplitude with the effective capillary number Ca ≾ 1 and dynamic capillary 

number Cd ≾ 1. This condition extends the limitation, Ca ≪ 1, of the previous study 
in small amplitude oscillatory shear flows2. The USR test revealed that the increase 
rate of the viscosity is approximately up to ten times the volume fraction as the 
maximum, though it is around unity in steady shear flows. This result supports the 
validity of the experimental results by Llewellin et al. using a torque-type rheometer2. 
In addition, the critical Ca number increased significantly compared to that in steady 
shear flows, which is consistent with the experimental results of a falling sphere 
viscometry by Murai and Oiwa3. For theoretically verifying these unique characteristics 
in unsteady shear flows, we derived the complex viscosity from the constitutive 
equation of dilute emulsion proposed by Frankel and Acrivos4. The formula 
reasonably represents the experimentally observed characteristics. We will present 
specifications of the experimental results and derivation of the complex viscosity 
formula in the conference. 

a
Laboratory for Flow Control, Faculty of Engineering, Hokkaido University, Japan

b
National Institute of Advanced Industrial Science and Technology, Japan 

1 Tasaka et al., Exp. Fluids 56, 1867 (2015).
2 Llewellin et al., Proc. R. Soc. Lond. A 458, 987(2002).
3 Murai and Oiwa, Fluid Dyn. Res. 40, 565 (2008).
4 Frankel and Acrivos, J. Fluid Mech. 44, 1 (1970).

Figure 1: (a) Schematic of the experimental setup of USR. Uniformly distributed 
bubble suspension is prepared by injecting air via fine needles. (b) Photograph of the 
bubbles at the height corresponding to the velocity measurement line. 

819



Tuning the extensibility of elastoviscoplastic fluids 

M. S. Abdelgawada, A. Q. Shenb, M. E. Rostia

Elastoviscoplastic (EVP) fluids refer to a wide range of materials that behave like 
elastic solids when the applied stress is below a certain threshold, namely the yield 
stress, and as liquids above it. The inherited elasticity of such fluids has been shown to 
be responsible for the loss of fore-aft symmetry and the formation of a negative wake 
behind a sphere settling in EVP fluids1. In practice, the extensional characteristics of 
EVP fluids are found to improve the printing performance when they are used as inks 
for 3D printing systems2. The aim of this work is to modify a well-studied EVP fluid 
(PF127, Pluronic F127) to achieve a tuneable extensional behaviour. Here, we 
examine the effect of adding a high-polymer, poly(ethylene oxide) (PEO), to aqueous 
solutions of PF127. We report the shear and extensional rheological measurements of 
PF127 and the impact of PEO addition at different concentrations up to 0.7 wt%. 
Shear rheology measurements are performed using a stress-controlled DHR-2 
rotational rheometer (TA Instruments, Inc.). Extensional experiments are carried out 
using capillary breakup extensional rheometry (HAAKE CaBER-1, Thermo Scientific) 
equipped with high-speed camera setup allowing the extraction of the filament shape 
over time from which the filament lifetime and the relaxation time can be inferred. 
PEO concentration is found to significantly affect the filament lifetime and the 
relaxation time in extensional experiments while it has less effect on the shear 
rheology. 

Filament shape evolution over time for PEO 0.5 wt% (top panel) and PF127 20 wt% 
+ PEO 0.5 wt% (bottom panel).

a
Complex Fluids and Flows Unit, Okinawa Institute of Science and Technology, Okinawa, Japan 

b
Micro/Bio/Nanofluidics Unit, Okinawa Institute of Science and Technology, Okinawa, Japan  

1 Holenberg et al., Phys. Rev. E 86, 066301(2012).
2 Rauzan et al., Adv. Funct. Mater. 28, 1707032 (2018).

820



A modified viscosity approach for shear thinning lubricants 

Humayun Ahmeda and Luca Biancofiorea 

Lubrication is essential to minimise wear and friction between contacting surfaces in 
relative motion. In oil based lubricants, polymer additives are often introduced to 
enhance their tribological properties, but the rheology of the lubricant can become 
complex, presenting piezoviscosity and non-Newtonian effects, such as shear 
thinning. Modeling the load carrying capacity of the thin lubricating film requires thus 
an accurate estimate of shear thinning. The generalized Reynolds equation1 (GR) can 
accurately capture shear thinning and other non-linear effects, such as piezoviscosity 
and lubricant compressibility, but it can be computationally expensive. Alternatively, 
techniques involving the approximate shear distribution2 (ASD) are computationally 
appealing but limited in accuracy.  

In this work, we present a new approach, i.e. the modified viscosity (MV) model, 
that greatly improves the accuracy of the ASD methods. In particular, we illustrate 
how the load, the peak pressure and the computational time depend on the bearing 
number Λ, i.e. the ratio between the viscous forces and the pressure forces for sliding 
contacts (such as the unwrapped journal bearing shown in Fig. 1a) and squeezing 
contacts for both MV and GR.  

The accuracy of MV is comparable with the GR model within an appreciable range 
of bearing numbers, as observed in Fig. 1b. Furthermore, we observe that the 
computational time is reduced up to two order of magnitudes from MV to GR as 
illustrated in Fig. 1c. The advantage of MV in modeling complex rheology lubricants is 
more evident when fine meshes and/or large simulation times are required. 

Figure 1: (a) Schematic of the unwrapped journal bearing. A comparison of the (b) 
maximum pressure and (c) computational time between the MV (blue lines) and GR 
(red lines) for two different aspect ratios, i.e. the ratio of length over width, a = 0.001
and a = 1.

a
Dep. Mechanical Engineering, Bilkent University, Ankara, Turkey

1
Szeri, Fluid film lubrication, Cambridge, (2010). 

2 Hewson et. al., JoET, 221, 355 (2007).
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Understanding the effects of viscoelasticity in lubricants 

Umur Efe Aruna, Humayun Ahmeda and Luca Biancofiorea 

Polymer additives are often introduced into lubricants to improve their 
tribological performance. However, polymeric lubricants can present significant 
viscoelastic effects. In our work, we examine by using direct numerical simulations 
(DNS) the influence of viscoelasticity, described by several constitutive relations 
namely Oldroyd-B, FENE-CR and FENE-P, on the tribological performance, for 
a parabolic slider, i.e. a common geometry used to describe bearings.  

Fig. 1a shows the variation in load carrying capacity for different Weissenberg 
numbers Wi, i.e. the ratio between the polymer relaxation time and the flow time
scale. All models predict an increase in the load versus Wi, confirming the results
of previous analyses1. However, the degree of increase depends strongly on the 
constitutive relation since the FENE models exhibit a significant dampening effect 
with respect to the Oldroyd-B due to (i) the polymer finite extensibility and (ii) the 
shear thinning effect for FENE-P.  

The influence of the finite extensibility of the polymers can be observed in Fig. 
1b in which the load is illustrated in function of the polymer maximum 
extensibility ℓ. For both FENE models the load decreases by reducing ℓ.
Particularly for FENE-P, we have lower values of the load since shear thinning 
reduces the viscosity of the lubricant.  

Further analyses were conducted also via reduced models1 to understand in 
detail the effect of all the viscoelastic parameters (including the polymer viscosity). 

Figure 1: Load for several viscoelastic models versus (a) Wi for ℓ2 = 1000 and (b) ℓ2 for Wi =
10 for a parabolic slider. Note that we cannot simulate with DNS larger values of Wi for
Oldroyd-B due to the high Weissenberg number problem2. 

a
Dep. Mechanical Engineering, Bilkent University, Ankara, Turkey 

1 Ahmed and Biancofiore, JNNFM, 292, 104524, (2021).
2

Fattal and Kupferman, JNNFM, 126, 27, (2005).
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Shear rheology of ring polymer melts through nonequilibrium 
molecular dynamics simulations 

A.J. Tsamopoulosa, A.F. Katsaroub, D.G. Tsalikisc,d, V.G. Mavrantzasc-e

Atomistic simulations of ring polymer melts under equilibrium conditions have allowed 
us to extract scaling laws for the conformational and transport properties (chain center-
of-mass diffusion coefficient and zero shear rate viscosity) of this unique class of 
polymers in the crossover regime around the entanglement molecular weight Me.1 In
the present study, we extend our simulations to nonequilibrium conditions using 
poly(ethylene oxide) as a model system. We conduct nonequilibrium molecular 
dynamics simulations (NEMD) of pure ring melts2 and of ring-linear polymer blends 
under shear flow over a wide range of concentrations in the linear component. The 
simulations allow us to compute the relevant viscometric functions in shear (shear 
viscosity and first and second normal stress coefficients) and their dependence on 
applied shear rate, polymer melt molecular weight, and relative concentration of the 
melt in ring and linear chains. 

Like their linear counterparts, rings are found to stretch, collapse, tumble, and re-
stretch under shear flow. Moreover, due to their loopy structure, rings exhibit a second 
characteristic molecular motion, the so-called tank-treading; this is a rotational motion 
where the chain atoms rotate along the deformed contour of the ring polymer. At weak 
flow rates, it is not easy to distinguish tumbling from tank-treading motion. However, 
with increasing the flow rate, the two motions occur independently. 

In addition to addressing their flow behavior, MD and NEMD simulations provide 
significant insight into the dynamic heterogeneity in polymer rings. Under equilibrium 
conditions, rings exhibit a weaker dynamic heterogeneity and molecular individualism 
than the equivalent linear melts, in the sense that the corresponding probability 
distribution of the relaxation times is less broad in rings. With increasing degree of linear 
contamination and/or the size of the chains, the corresponding distribution of ring 
relaxation times is significantly broadened, which is attributed to the involvement of a 
subpopulation of rings in strong threading events with the linear chains present in the 
blend.3 Shear flow, on the other hand, is found to suppress the distribution of relaxation 
times. 

a Dept. Chemical Engineering, California Institute of Technology, 1200 E. California Blvd., 26504, 
Pasadena, CA 91125, USA 
b Dept. Chemical Engineering, Imperial College London, South Kensington Campus, London SW7 
2AZ, UK 
c Dept. of Chemical Engineering, University of Patras, Caratheodori Street 1, Rion, Patras, GR 
26504, Greece 
d Institute of Chemical Engineering Sciences, FORTH, Stadiou Street, Platani, Patras, GR 26504, 
Greece 
e Particle Technology Laboratory, Department of Mechanical and Process Engineering, ETH Zürich, 
CH-8092 Zürich, Switzerland 
1 D.G. Tsalikis et al., ACS Macro Lett. 7, 916-920 (2018). 
2 A.J. Tsamopoulos et al, Polymers 11, 1194 (2019).
3 A.F. Katsarou et al., Polymers 12, 752 (2020).
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Dynamical and Rheological Properties of Polymer 
Nanocomposites via Simulations Across Scales: from Atoms to 

Macroscopic Properties 

Α.F. Behabahani1, A. Powera, and V. Harmandarisa.2 

Nowadays, molecular simulations can be used in order to provide a direct insight at 
the properties of complex polymer-based materials at the molecular level, describing 
accurately the chemistry of the systems under study. However, the study of polymer-
based systems via molecular simulations is a very challenging field, due to the broad 
spectrum of the underlying length and time scales. Here, we present a hierarchical 
multi-scale methodology for predicting the macroscopic properties of polymer-based 
nanostructured systems, that involves atomistic and coarse-grained simulations. The 
coarse-grained (CG) models are derived through a “bottom-up” data-driven strategy, 
using information from the detailed atomistic scale, for the given chemistry. The 
systematic linking between the atomistic and the chemistry-specific CG scale, allows 
the study of a broad range of molecular weights, for specific polymers, without any 
adjustable parameter3,4,5 [1-3]. At the same time, machine learning (ML) algorithms 
have been developed to re-introduce atomic detail in the CG scale, and thus obtaining 
atomistic configurations of high molecular weight polymers [3]. 

We apply the entire methodology to (a) cisPB polymer melts6 [4], and (b) 
cisPB/silica nanocomposites7 [5]. For both systems we provide a detailed study of 
their dynamical and rheological macroscopic properties. For the polymer melts, we 
report predictions about the self-diffusion coefficient of polymer chains, the 
relaxation modulus and the zero shear-rate viscosity, as a function of molecular length 
probing the transition from oligomers, to Rouse-like, up to the well-entangled 
systems.  
Concerning the polymer nanocomposites, we examine the structure and the dynamics 
of polymer chains at the polymer/nanoparticle interphase, by probing directly the 
density and the conformations of polymer chains, as well as and the segmental and 
terminal dynamics of the adsorbed, “bound” layer. In all cases the results are 
compared against experimental data and theoretical predictions. 

1 Department of Mathematics and Applied Mathematics, University of Crete, GR-71409, Heraklion 
& Institute of Applied and Computational Mathematics, Foundation for Research and Technology 
Hellas, IACM/FORTH, GR-71110 Heraklion, Greece 

2 Computation-based Science and Technology Research Center, The Cyprus Institute, Nicosia 2121, 
Cyprus. 
3 E. Kalligiannaki, et al., Europ. Phys. J. Special Topics, 2016, 225, 1347–1372.
http://dx.doi.org/10.1140/epjst/e2016-60145-x  
4 Harmandaris, V.; Kremer, K. Macromolecules, 2009, 42, 791-802, https://doi.org/10.1021/ma8018624 
5 Lei, W. et al. J. Chem. Phys., 2020, 153, 041101, https://doi.org/10.1063/5.0012320. 
6 Behbahani, A.F. et al., Macromolecules, 2021, 54, 6, 2740–2762, 
http://dx.doi.org/10.1021/acs.macromol.0c02583. 
7 Behbahani, A.F. et al., Macromolecules, 2020, 53, 6173–6189. 
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Complex  flow modelling  using Lagrangian heterogeneous 
multiscale methods

N. Morenoa and M. Elleroa,b

 We propose a fully Lagrangian heterogeneous multiscale framework to model complex 
fluids. This multiscale method bypasses the need to approximate constitutive relations 
for the stress by using microscopic information derived on the fly. We discretize the 
fluctuating Navier-Stokes equations in a particle-based setting using Smoothed 
Dissipative Particle Dynamics. We take advantage of the intrinsic multiscale features of 
SDPD1 to account for thermal fluctuations as the characteristic size of the discretizing 
particles decrease. At the microscales, we adopted arbitrary boundary conditions2 to 
simulate mixed flows (shear and extensional). We validate the proposed heterogeneous 
methods using complex fluids such as polymer melts and multiphase flows. The 
proposed method links variations at a macroscale with the memory effects of 
microscales. 

a
Basque Center for Applied Mathematics, Alameda de Mazarredo 14 , Bilbao 48400, Spain

b
IKERBASQUE, Basque Foundation for Science, Calle de Maria Dias de Haro 3, 48013, 

Bilbao,Spain
c    Zienkiewicz Center for Computational Engineering (ZCCE), Swansea University, Bay Campus, 

Swansea SA1 8EN,UK
1 Español, P. and Revenga, M., Physical Review E. 67, 2:12 (2003). 
2 Moreno, N. and Ellero, M, Phys. Fluids 33,  (2021). 
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Bulk viscosity of simple liquids by atomistic simulations 

R.S. Chatwella and J. Vrabeca 

In contrast to Stokes’ hypothesis that postulates a vanishing bulk viscosity, i.e. µb ∼ 0, 
for all fluids at all thermodynamic states, it is now well established that an accurate 
description of various compressible flow phenomena, would require both viscosity 
parameters of Cauchy’s stress tensor field to be considered. While the shear viscosity 
µs can be measured precisely and consequently a sufficiently large database is 
available, bulk viscosity data, on the other hand, is only available for some fluids at 
very selective thermodynamic states with poor precision.  

 The latter is caused, primarily by systematic measurement errors that plague 
classical experimental methods such as acoustic spectroscopy1. The bulk viscosity can 
alternatively be determined by atomistic simulations, which in combination with a 
multi-mode relaxation ansatz will yield large sets of precise bulk viscosity data over a 
wide range of thermodynamic states. These datasets will eventually lead to the bulk 
viscosity’s equation of state (bulk EOS) for the respective substance.  

The universal bulk EOS for liquid noble gases and associating liquids (water, 
methanol, and ethanol) will be presented. The bulk EOS arises as a two-parametric 
power function with both parameters showing a conspicuous saturation behaviour 
over temperature, offering a peculiar resemblance to classical electronics. For liquid 
noble gases, the bulk viscosity is found to vary significantly with rising temperature, cf. 
Fig (1), a behaviour that resembles the frequency response of a one-pole low-pass 
filter2.  Contrastingly, the bulk viscosity in associating liquids displays large bulk 
viscosities at low temperatures resembling a one-pole high-pass filter3. 

a
Thermodynamics and Thermal Engineering , Technische Universität Berlin, Germany 

1 Claes at al, Measurement 184, 109919 (2021).
2 Chatwell and Vrabec, J. Chem. Phys. 152, 094503 (2020).
3 Chatwell and Vrabec, manuscript in preparation.

Figure 1: Illustration of the bulk EOS for liquid noble gases. The bulk EOS constitutes as a 
monotonically declining function of density with increasing gradient for higher temperatures.   
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Inferring Turbulent Parameters via Machine Learning 

M. Buzzicottia, F. Bonaccorsoa, L. Biferalea

Recently we have shown that Machine Learning (ML) tools can be very efficient in 
solving strongly non-trivial reconstruction problems of turbulent data1,2 as well as 
optimal control tasks of autonomous drifters moving in complex environments3,4,5. In 

this work, we design6 a ML technique to solve the different and general problem of 

inferring physical parameters from the observation of turbulent flows. This exercise is 
relevant in many theoretical and applied fields, from engineering to earth observation 
and astrophysics. Our approach is to train the machine learning system to regress the 
rotation frequency of the flow’s reference frame, from the observation of the flow’s 
velocity amplitude on a 2d plane extracted from the 3d domain. The machine learning 
approach consists of a Deep Convolutional Neural Network (DCNN) of the same 
kind developed in computer vision. The training and validation datasets are produced 
by means of fully resolved direct numerical simulations. This study shows interesting 
results from two different points of view. From the machine learning point of view, it 
shows the potential of DCNN, reaching good results on such a particularly complex 
problem that goes well outside the limits of human vision. Second, from the physics 
point of view, it provides an example on how machine learning can be exploited in 
data analysis to infer information that would be inaccessible otherwise. Indeed, by 
comparing DCNN with the other possible Bayesian approaches, we find that DCNN 
yields to a much higher inference accuracy in all the examined cases. 

Figure 1: Details of the Deep Convolutional Neural Network implemented in this work to 

map the input plane of the turbulent velocity module to the prediction of the rotation rate of 
the reference frame. 

a
Dep. Of Physics, University of Rome Tor Vergata, Rome, 00133, Italy 

1 Buzzicotti et al., Phys. Rev. Fluids 6, 050503 (2021) 
2 Biferale et al., arXiv: 2006.07469 (2020) 
3 Biferale et al. Chaos: An Interdisciplinary Journal of Nonlinear Science. 24;29(10):103138 (2019) 
4 Buzzicotti et al., Inter. Conf. of the Italian Assoc. for Art. Intel. (pp 223-234). Springer Cham (2021) 
5 Colabrese et al. Phys. Rev. Letters 118 (15), 158004 (2017)  
6 Buzzicotti et al., submitted to Phis. Rev. Fluids, arXiv:2201.00732 (2022) 

829



POD modal analysis based on LES of a baffled stirred tank 

A. A. Arosemenaa, H. Alia and J. Solsvika 

Stirred tank reactors are widely used for mixing operations in chemical, biochemical 
and process engineering. The tank configuration, working fluid (more often than not 
non-Newtonian) and flow regime are frequently conditioned to the desired products. 
A typical configuration consists of a fixed cylinder with a lid coupled with four-
equally-spaced baffles and a Rushton-type impeller. In turbulent regime, the flow field 
can be decomposed into mean flow, organized motion (induced by the impeller 
blades) and turbulence. Reduced order modelling approaches such as proper 
orthogonal decomposition (POD) are practical tools for separating the different type 
of motions1 and to extract information from the velocity fields by ranking modes 
according to their contribution to the total kinetic energy2. Only until recently3-5, 
different research groups have started to apply POD to three-dimensional (3D) flow 
fields in stirred tanks.  

Data of large eddy simulations (LES) corresponding to a laboratory-scale, baffled, 
stirred tank with a Rushton-type impeller is considered to perform a POD modal 
analysis. In the simulations, the tank operates either at 600 or 800 rpm and with water 
and 0.2 wt% carboxymethyl cellulose (CMC) solution as working fluid. The study 
focuses on the most energetic modes and their corresponding 3D reconstructed 
velocity fields. To the authors' knowledge, the present investigation is the first attempt 
to apply POD to LES of a baffled stirred tank operating in turbulent flow conditions 
(at least in the region near the impeller) and not only for a working fluid having 
Newtonian properties but also for a fluid exhibiting shear-thinning behaviour (CMC). 

a
Dep. Chemical Engineering, NTNU, 7491 Trondheim, Norway. 

1 Moreau and Liné, AIChE J. 52, 2651 (2006).
2 Gabelle et al., Chem. Eng. Technol. 40, 927 (2017).
3 Janiga, Chem. Eng. Sci. 201, 132 (2019).
4 Mikhaylov et al., AIChE J. 67, e17348 (2021).
5 Mayorga et al., Chem. Eng. Sci. 248, 117220 (2022).
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Geostrophic flow in a precessing cylinder 

C. Eloya, D. Gaoa,b, S. Le Dizèsa and P. Meuniera

In a fluid-filled precessing cylinder, a steady, axisymmetric and longitudinally-
invariant component of the azimuthal flow is generally present. This component is 
called a geostrophic flow.  Although geostrophic flows have been observed in experi-
ments1 and numerical simulations2, their origin has eluded theoretical approaches so far. 

Here, we develop an asymptotic analysis to calculate the geostrophic flow forced in 
a resonant precessing cylinder, that is when the harmonic response is dominated by a 
single Kelvin mode. We find that the zonal flow originates from three different sources: 
(1) the nonlinear interaction of the inviscid Kelvin mode with its viscous correction; (2)
the steady and axisymmetric response to the nonlinear interaction of the Kelvin mode
with itself; and (3) the nonlinear interactions in the end boundary layers. In a precessing
cylinder, two additional sources arise due to the equatorial Coriolis force and the forced
shear flow. However, they cancel exactly. The study thus generalises to any Kelvin
mode, forced by precession or any other mechanism.

The present theoretical predictions of the zonal flow are confirmed by comparison 
with numerical simulations2 and experimental results1. We also show numerically that 
the zonal flow is always retrograde in a resonant precessing cylinder (m=1) or when it 
results from resonant Kelvin modes of azimuthal wavenumbers m=2, 3, and 
presumably higher. 

a
Aix Marseille Univ, CNRS, Centrale Marseille, IRPHE, Marseille, France

b
Joint lab. of wind tunnel and wave flume,  Harbin Institute of Technology,  Harbin, PR China 

1 Meunier et al.,  J. Fluid Mech. 599, 405, (2008).
2 Albrecht et al.,  J. Fluid Mech. 910, A51, (2021).
3 Gao et al., J. Fluid Mech. 923, A29, (2021).

Figure 1: Geostrophic flow predicted (solid black) compared to numerical simulations2 (dotted 
line). This flow is decomposed into 3 terms mentioned in the text, shown in purple (source 1), 
yellow (source 2), and green (source 3). The two terms that cancel exactly originate from the 
Coriolis force (blue) and the shear flow (red). 
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The effect of rotation on heat and momentum transfer in Couette 
flows 

G. Brethouwer1

We have investigated the influence of rotation on heat and momentum transfer in plane 
Couette flow (PCF) and Taylor-Couette flow (TCF) through direct numerical 
simulations (DNS). The rotation axis is along the spanwise and axial direction in PCF 
and TCF, respectively, and buoyancy forces are neglected. The Reynolds number Re =
𝛥Ud/𝜈, where 𝛥U is the velocity difference between the moving walls/cylinders, d the

gap width and 𝜈 the viscosity, is varied from 240 up to 40000. At higher Re the flow is

fully turbulent. In addition, the rotation number R𝛺 = 2𝛺d/𝛥U, where 𝛺 is the imposed
rotation rate, is varied over a wide range. 

The DNS show that system rotation has a large influence on the heat and 
momentum transfer and turbulence structures, as expected, but moreover rotation can 
cause a strong dissimilarity between heat and momentum transfer. As an example, figure 
1(a) shows the Nusselt number for momentum transfer, Num, and the Nusselt number

for heat transfer, Nuh, for three Re as a function of R𝛺 in PCF. We see that both Num

and Nuh change with R𝛺, but also that Nuh becomes much larger than Num when R𝛺

increases. Figure 1(b) shows the Reynolds analogy factor RA = Nuh/Num, which is unity
if the Reynolds analogy between heat and momentum transfer holds. We see that RA
becomes much larger than unity, which implies that the heat transfer becomes much 

faster than momentum transfer and the Reynolds analogy breaks down, when R𝛺

approaches unity. The results for TCF are similar. We also observe that the turbulent 
Prandtl number becomes much smaller than unity. Further details are found here2 and 
more discussions and results are given in the presentation. 

Figure 1: (a) Num (dashed lines) and Nuh (solid

lines) and (b) RA as a function of R𝛺  in PCF for

different Re. 

1
Dep. Engineering Mechanics, KTH, SE-100 44 Stockholm, Sweden 

2 Brethouwer, J. Fluid Mech. 912, A31 (2021).
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Internal shear layers in librating spherical shells 

Jiyang Hea, Benjamin Faviera, Michel Rieutordb and Stéphane Le Dizèsa 

Internal shear layers generated by the longitudinal libration of the inner core in a 
rotating spherical shell are analysed asymptotically and numerically. The forcing 
frequency is chosen within the inertial range such that the internal shear layers issued 
from the inner core at the critical latitude form a well-defined pattern of concentrated 
wave beams. Asymptotic solutions for these layers are constructed by generalising the 
self-similar solution known for open domains1,2 to closed domains. The propagation 
of the wave beams within the shell is traced along the critical ray paths until they are 
fully dissipated. The phase and the amplitudes are modified due to the reflections on 
the rotation axis2 and the boundaries3.  Depending on the aspect ratio and forcing 
frequency, various ray patterns, such as periodic orbits and attractors, can be obtained. 
For the simplest periodic orbit4 that is obtained when the wave propagation direction 
is inclined at 45°, the asymptotic solution is an infinite sum of the similarity solutions, 
which is convergent due to the phase shift on the rotation axis. The comparison of 
the velocity profiles with the direct numerical solutions performs well and converges 
with decreasing Ekman number. The scalings of the velocity amplitude and dissipation 
rate with the Ekman number predicted by the asymptotic theory are also validated 
numerically. For the wave beams propagating towards attractors, the asymptotic 
solution is also an infinite sum of similarity solutions. The comparison between 
numerics and asymptotics for such case also performs well at low Ekman numbers 
pertaining to geophysical applications (see Figure 1 below). 

a
Aix Marseille Univ, CNRS, Centrale Marseille, IRPHE, F-13384, Marseille, France

b 
IRAP, Université de Toulouse, CNRS, UPS, CNES, F-31400 Toulouse, France

1 Moore and Saffman, Phil. Trans. R. Soc. Lond. A 264 (1156), 597-634 (1969).
2

Le Dizès and Le Bars, J. Fluid Mech. 826, 653-675 (2017).
3 

Le Dizès, J. Fluid Mech. 899, A21 (2020).
4 

Lin and Noir, Geophys. Astrophys. Fluid Dyn. 115 (3), 258-279 (2021).

Figure 1: Configuration exhibiting an attractor. (a) Azimuthal velocity amplitude for aspect 

ratio 0.35, non-dimensionalized frequency 0.8102 and Ekman number 10-10. (b) Comparison of 
the azimuthal velocity profiles along the cut shown on (a) between numerics and asymptotics. 
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Experiments Investigating the Dynamics of Vortex Rings in a 
Rotating Fluid 

O. C. Jacksona, M. A. Brendb, and P. J. Thomasa

The dynamics of vortex rings in a rotating fluid is investigated experimentally by 
means of dye visualizations and Particle Image Velocity measurements. The vortex rings 
are generated within a large tank (height 2m, diameter 1m) positioned on a rotating-
turntable facility. The ring formation is initiated by means of a piston-driven ejection of 
liquid from a syringe type generator nozzle. The direction of propagation of the rings is 
aligned with the axis of rotation. 

Results regarding the stability of the rings and regarding secondary flow motion 
induced by Coriolis forces arising from the background rotation are discussed. In 
comparison to rings propagating through a non-rotating environment, it is found that 
background rotation fundamentally alters the ambient, and the internal flow field of the 
rings, and it establishes secondary flow motions entirely absent for rings in non-rotating 
environments. The background rotation leads to a destabilisation of the rings. During 
their laminar-turbulent transition, occurring as part of the decay process of the rings, an 
intense fluid transport back along the axis of the vortex ring is initiated (Figure 1a). 
Moreover, Coriolis forces result in the development of a cyclonic swirling flow motion 
in the wake of the rings and an anti-cyclonic swirl ahead of them (Figure 1b). This 
implies the existence of a point of inflexion in the velocity profile which could, 
according to Rayleigh’s inflection point theorem, represent an explanation for the 
advanced decay of rings in a rotating environment. It is discussed how the details of the 
observed phenomena vary with the rotational velocity of the system, the piston stroke, 
and the piston velocity. 

a
Fluid Dynamics Research Centre, School of Engineering, University of Warwick, Coventry, UK

b
National Centre for Combustion and Aerothermal Technology (NCCAT), Loughborough 

University, Loughborough 

Figure 1: Data generated from PIV measurement showing: (a) Axial velocity showing positive 

axial velocity in ring core with blue showing upwards flow. (b) Azimuthal flows induced by 
vortex ring formation. 

834



The transient formation of bounded columns in low Reynolds 
rotating flow.  

S. T. Boothab, P. J. Thomasa and A. Pothératb 

The study of rotating flows advances our understanding of many scientific and 
engineering applications, from jet engines to geostrophic behaviour. A key mechanism 
underpinning real-world rotating flows is the Taylor-Column, a semi-rigid structure 
that elongates perturbations along the axis of rotation, this tends to two-
dimensionalise steady rotating flows1. Whilst this steady structure itself is well 
documented the process of its transient formation is mostly unexplored. This study 
aims to investigate columnar formation dynamics and identify regions in the 
experimental phase space where their development is impeded by other factors.  
Results are presented from experiments studying the effects of background rotation 
on the dynamics of low Reynolds’ liquid jets aligned with the rotation. Data obtained 
from flow visualizations and Particle Image Velocimetry (PIV) are discussed. Starting 
with the fluid at rest, we focus on the development of slow jets, these are observed. 
Under sufficient rotation, a flow akin to Taylor-columns smoothly develops that 
extends vertically along the axis of rotation. An example of such a structure is 
displayed in Fig. 1 (a). The time scale on which the column develops, and its radial 
extension are found to decrease with the rotational frequency. Preliminary data 
suggests that the column height develops towards a steady state (Fig. 1 (b)), of 
increasing height as the rotation increases, up to the point where it reaches the upper 
boundary of the vessel. 
At higher Reynolds numbers, the flow exhibits different global behaviour whereby the 
jet periodically forms and breaks down, this aligns with previous studies2 and the 
boundary between different flow regimes is discussed. 

a
Fluid Dynamics Research Centre, University of Warwick, Coventry, CV4 7AL, UK.

b
Centre for Fluid and Complex Systems, Coventry University, Coventry, CV1 2NL, UK. 

1  Greenspan, Rotating Fluids, Cambridge (1968). 
2  Atthanayake et al., J. Fluid Mech. 868, 666 (2019).

Figure 1: (a) Image showing the visualisation of the columnar structure. (b) Height of bounded 
column h as a proportion of total vessel height ht, as a function of time t.

(a) (b) 
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Experimental investigation of turbulent counter-rotating Taylor-Couette 
flows for radius ratio η = 0.1 

Mohammed Hussein Hamedea, Sebastian Merbolda and Christoph 
Egbersa 

We study the turbulent Taylor-Couette flow inside a gap between two concentric 
and independently rotating cylinders in a very wide-gap configuration with radius 
ration η = 0.1. Using a high speed particle image velocimetry, the radial and the 
azimuthal velocity component in horizontal planes for different heights were 
measured. The flow was investigated for different shear Reynolds number 20000 < Re 
< 131000, and different rotation ratios -0.06 < µ < 0. The flow field shows a clear 
dependence on the rotation ratio, different patterns appear in the flow, leading to a 
pronounced axial dependence. The angular velocity shows the smallest radial gradient 
for the low-counter rotating cases -0.02 <µ< -0.007. The angular momentum 
transport is computed from the flow fields and represented in a quasi-Nusselt number 
, for different Re and rotation ratios µ where it show a quasi-flat radial profile. The 
dependence of Nu on the different rotation ratios, shows a maximum value for low 
counter-rotating for  -0.011 < µ  < -0.0077. The Nusselt number values decrease for 
stronger counter-rotation, until it reaches a minimum and tend to increase again for 
higher counter-rotation rates. The Nusselt number is decomposed into two 
contributions related to the large scale circulation and turbulent contribution. The 
LSC contribution shows its maximum value for -0.011 < µ  < -0.0077, the turbulent 
contribution shows maximum value for the highest counter rotating case. The space-
time behaviour of the turbulent flow shows the existence of patterns propagating 
from the inner region to the outer region for all studied counter rotating cases. We 
show the existence of newly observed patterns that propagates from outer region 
towards the inner one for high counter rotation where a second maximum in 
transport is expected.  
We acknowledge the financial support of DFG under grant number EG100/30-1. 

 Figure: The normalized (a) Radial velocity (b) Azimuthal velocity. For 21 different heights. 

a
Department of Aerodynamic and Fluid Mechanics, Brandenburg University of Technology Cottbus-

Senftenberg, Siemens-Halske-Ring 15a, 03046 Cottbus, Germany
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Energy spectrum and interscale transfer in non-homogeneous 
rotating flow: the case of a mixer 

P.Beaumarda, J. C. Vassilicosa, P. Bragançaa, C. Cuviera, J.M. Foucauta

and K. Steirosb 

 Time-resolved 2D2C PIV measurements are carried out in a water tank agitated by 
four blades rotating at constant speed (fig.1). Different blade geometries with 
rectangular and fractal-like shapes are tested in order to change the turbulence 
properties. In some runs, vertical bars (baffles) on the walls are used to break the 
rotation of the flow and see the impact on the results. Different rotation speeds are 
tested so that the Taylor length Reynolds number Reλ is between 290 and 510. 
 The measurement plane is vertical of size 30mm × 30mm and close to the rotation 
axis, below the rotor. The PIV resolution (i.e. interrogation window size) is between 
2.6η and 5.8η depending on configuration (η is the Kolmogorov length). The Rossby 
number is between 0.2 and 1.1, so not negligible. For each case, 200 000 velocity fields 
are recorded corresponding to 50 000 uncorrelated for convergence. 

A classical energy spectrum slope close to -5/3 is identified in the configurations 
with baffles. On the other hand, a steeper slope (between -2.3 and -1.9) is found for 
the configurations without baffles where the flow is strongly rotating (fig.2). This 
result is observed both in vertical and horizontal directions and is present even for Reλ 
equal to configurations with baffles where the spectrum slope is -5/3. The analysis of 
the second order structure functions gives similar trends with a close to r2/3 
dependence on two-point separation r for the baffle configurations and a close to r 
evolution for the configurations without baffles (consistent with the energy slope 
results). 

Estimates of average interscale transfer and interspace transport rates are also 
evaluated from the data. These rates, defined from the Kármán-Howarth-Monin-Hill 
equation, are used to quantify the impact of the rotation and non-homogeneity on the 
interscale transfer. 

a CNRS, Centrale Lille, ONERA, Univ. Lille, Arts et Metiers Institute of Technology, UMR 9014 - LMFL 
- Laboratoire de Mécanique des Fluides de Lille - Kampé de Fériet, F-59000 Lille, France
b Department of Aeronautics, Imperial College London, London SW7 2AZ, United Kingdom

Figure 1: 2D2C PIV measurements of a 
configuration without baffles Figure 2: Spatial energy spectrum compensated
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Is the Taylor-Proudman exact? 

P. Billanta

The Taylor–Proudman theorem states that rotating flows should have a two-
dimensional dynamics in the limit of infinite background rotation. On this basis, it is 
generally believed that three-dimensional instabilities can no longer exist in rapidly 
rotating flows. Yet, we show that two counter-rotating vertical vortices always remain 
unstable to three-dimensional perturbations even for large rotation rate about the 
vertical axis1. The dominant instability consists of quasi-antisymmetric displacements of 
the two vortices. Its growth rate is independent of the rotation rate when it is sufficiently 
large, while the most amplified vertical wavelength scales like the rotation rate. Direct 
numerical simulations show that the instability leads ultimately to a full three-
dimensional breakdown of the vortex pair (figure). In other words, a two-dimensional 
vortex pair will spontaneously develop three-dimensional variations even in the limit of 
infinite rotation rate but the wavelength will tend to infinity. This implies that the 
Taylor–Proudman theorem can be strictly valid only in vertically bounded flows.  

The scaling for the wavelength has been generalized to any rapidly rotating 
unbounded flows by showing that it derives from a self-similarity of the Navier–Stokes 
equations for small Rossby number Ro. The resulting reduced equations, which are 
similar to those obtained first by Julien et al.2, are not two-dimensional even for 
vanishing Rossby number.  

Figure: Direct Numerical Simulation of the three-dimensional instability of a counter-rotating 
vortex pair in a fluid rapidly rotating about the vertical axis (z). The yellow and blue contours 
show the positive and negative vertical vorticity at different times: t = 0, t = 100, t = 130, and t 
= 160 for Ro = 0.76 and Re = 500. This instability continues to exist when Ro goes to zero 

a
Laboratoire d’Hydrodynamique (LadHyX), CNRS, Ecole Polytechnique, Institut Polytechnique de 

Paris, 91120 Palaiseau, France 
1 Billant, J. Fluid Mech. 920, R1 (2021)  
2 Julien et al., Theor. Comput. Fluid Dyn., 11, 251 (1998)
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Reinforcement learning for pursuit and evasion of microswimmers 
at low Reynolds number

L. Biferalea, F. Borrab, A. Celanic and M. Cencinid

We study the co-evolution of pursuing and evasion strategies of swimming 
microorganism in a simple hydrodynamic environment within an idealized model of 
two competing micro-swimming agents (force dipoles). Agents can only perform simple 
manoeuvres and sense each other via the gradients of the velocity fields they generate, 
which provide partial information about the opponent’s position and motion. We frame 
the problem as a zero-sum game: the pursuer has to capture the evader in the shortest 
time before a terminal time, while the evader aims at deferring capture as long as 
possible [1]. They start with a random strategy and learn in alternate cycles via 
Adversarial Reinforcement Learning, which makes them able to overcome partial-
observability by discovering increasingly complex moves, outperforming heuristic 
strategies. Fig. 1b,c show that the pursuer can efficiently capture its prey by mirroring 
or tailgating it. Conversely, Fig. 1h,i show that the escaper can exploit hydrodynamics 
to keep its predator at bay. This work is supported from the ERC under the European 
Union’s Horizon 2020 programme (grant agreement No 882340). 

a
Dept. Physics and INFN University of Rome Tor Vergata, Italy

b
LPENS Paris, France 

c 
ICTP, Trieste Italy 

d 
CNR-ISC Rome, Italy 

1 F. Borra, L. Biferale, M. Cencini, and A. Celani, arXiv:2106.08609 (in press Phys. Review Fluids) 

Figure 1: Co-evolving strategies during the training cycles of pursuing evasion games. 
(a) Running average of normalized episode duration T/Tmax. Samples of (b-g) pursuit
and (h-m) evasion winning strategies. Red/Blue denotes pursuer/evader, time runs
from lighter to darker colour.
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Buoyancy-driven attraction of active droplets 

Yibo Chena, Kai Leong Chongb, a, Haoran Liua,  Roberto Verziccoa, c, d 
and Detlef Lohsea, e 

Krüger et al.1 experimentally observed buoyancy-driven clustering of active oil droplets 
sedimenting in an aqueous surfactant solution. Triggered by this observation, we 
numerically analyse the effect of buoyancy on the motion of active droplet, in addition 
to the propulsion caused by Marangoni/phoretic flow (with its strength characterized 

by Péclet number 𝑃𝑒 ). The buoyancy is induced by the solutal density difference 
between the filled micelles and the ambient solution, and its strength can be quantified 

by the Rayleigh number 𝑅𝑎. Here, we conduct simulations for a single, a pair and three 

active droplets (deformation neglected) with Ra varying from 0.1 to 245, and Pe = 5. 

For low 𝑅𝑎 , repulsive motion of droplets is observed due to the dominant 

Marangoni/phoretic effect. For high 𝑅𝑎, buoyancy becomes dominant and drives an 
inward flow in the vicinity of the droplets leading to droplet attraction (Figure 1). We 

focus on the buoyancy-dominant cases with high 𝑅𝑎 and quantitatively explain the 
buoyancy-driven attraction with the method of reflections and Faxen’s law. It is found 

that the attracting velocity of the droplet, which is characterised by 𝑅𝑒𝑝, is proportional 

to 𝑅𝑎
1

4/(𝑆𝑐 × 𝑙/𝑅), where 𝑆𝑐 is the Schmidt number, defined by the ratio between 

viscosity and diffusion coefficient of the filled micelles, 𝑙/𝑅 is the distance between the 
droplets normalized by the droplet radius. Based on our findings, we predict the droplet 
velocity for both two-droplet and three-droplet cases. Our findings thus pave the road 
to controlling the collective motion of active droplets by adjusting the buoyancy 
strength. 

a
Physics of Fluids Group, Max Planck Center for Complex Fluid Dynamics, MESA+ Institute and 

J.M.Burgers Center for Fluid Dynamics, University of Twente, Enschede, 7500 AE, NL.
b

School of Mechanics and Engineering Science, Shanghai University, Shanghai, 200072, PRC. 
c

Dipartimento di Ingegneria Industriale, University of Rome ‘Tor Vergata’, Via del Politecnico 1, 

Roma, 00133, IT. 
d Gran Sasso Science Institute - Viale F. Crispi, L’Aquila, 767100, IT. 
e Max Planck Institute for Dynamics and Self-Organisation, Gottingen, 37077, DE. 
1 Krüger et al., Eur. Phys. J. E, 39, 1-9, (2016).

Figure 1: Concentration contours as a function of time for a pair of droplets with 
parameters Sc=100. Pe=5 and Ra=245. 
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3D vortex dynamics in the wake of swimming snakes 

V. Stina, R. Godoy-Dianaa, A. Herrelb and X. Bonnetc

Snakes are anguilliform swimmers, characterized by a body undulation with an 
increasing amplitude from head to tail. The goal of this experimental study is to 
provide a first insight into the 3D structure of the flow around a swimming snake 
(Natrix tessellatae) using a 3D Particle Image Velocimetry setup. The vortices shed in
the wake of the snake are characterized and compared to existing numerical 
simulations and 2D experimental studies. d 

The wake structures were obtained for 3 captive water snakes using a volumetric 3-
component PIV setup. A total of 109 free swimming trials were recorded with at least 
one tail beat in the measuring volume. The body length (L) of the 3 studied animals is 
respectively 83.4cm, 82.4cm and 64.7cm. The Reynolds number based on the average 
swimming speeds are in the range of 10 000 to 40 000. The wake contains lateral jets 
of fluid, alternating in direction. The jets are characterized by their angle relative to the 
swimming direction and their magnitude. The vortices surrounding the jet are 
identified with Q-criterion isosurfaces and have a hairpin-like structure (Figure 1.a) as 
predicted by the numerical investigations of anguilliform swimming1. In a full tail beat 
cycle, the snake creates two hairpin vortices of opposite directions. The computed 
circulation of the vortex cores increases rapidly just after the tail beat and then 
decreases over time as the vortex is shed in the wake (Figure 1.b). 

These results are a first step towards the understanding of the efficiency of 
anguilliform swimming and will be compared to results for other species of snakes 
that have independently evolved an aquatic life-style. This may help future 
developments of bio-inspired aquatic systems. 

a
PMMH, CNRS, ESPCI Paris-PSL, Sorbonne Université, Université de Paris, Paris, France.

b
MECADEV, Département Adaptation du Vivant, MNHN, CNRS, Paris, France. 

c
CECB, CNRS ULR, Villiers-en-Bois, France. 

1 Borazjani and Sotiropoulos, J. Exp Biol. 212, 576 (2009)

Figure 1: (a) Projection of a hairpin vortex highlighted with Q-criterion isosurface with an 

image of the swimming snake. (b) Evolution of the vortex circulation in 3 planes perpendicular 
to the swimming direction. 

(a) (b) 
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Locomotion with a wavy cylindrical filament in a yield-stress fluid 

D.R.Hewitta, N.J.Balmforthb

  A yield stress is added to Taylor's (1952) 1 model of a microscopic organism with a 
wavy cylindrical tail swimming through a viscous fluid. Viscoplastic slender-body 
theory is employed for the task, generalizing existing results for Bingham fluid to the 
Herschel-Bulkley constitutive model. Numerical solutions are provided over a range 
of the two key parameters of the problem: the wave amplitude relative to the 
wavelength, and a Bingham number which describes the strength of the yield stress.  
Numerical solutions are supplemented with discussions of various limits of the 
problem in which analytical progress is possible. If the wave amplitude is sufficiently 
small, the yield stress of the material inevitably dominates the flow; the resulting 
‘plastic locomotion' results in swimming speeds that depend strongly on the 
swimming gait, and can, in some cases, even be negative.  Conversely, when the yield 
stress is large, swimming becomes possible at the wave speed, with the swimmer 
sliding or burrowing along its centreline with a relatively high efficiency.  

Results are discussed and qualitative favourable comparison is presented with 
with existing data from experiments and observations of worms moving through 
viscoplastic environments. 

a
Department of Mathematics, University College London, London, UK.

b
Department of Mathematics, University of British Columbia, Vancouver, Canada. 

1 Taylor, Proc. Royal Soc. A. 211 225-239 (1952)
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A 2-dimensional numerical model of Marangoni surfers: 
from single swimmer to crystallization 

R. Volk1 C. Gouiller2, C. Cottin-Bizonne2, M. Bourgoin1, F. Raynal3

and C. Ybert2

Active matter, made of a collection of self-propelled entities, has emerged over the 
past decades as a new class of out-of-equilibrium system with rich collective 
properties. Inspired by animal, biological or more synthetic self-propelled objects, 
propulsion direction is usually hard-coded in an intrinsic asymmetry.  

Here we propose a 2 dimensional model of symmetric active particles inspired by 
Marangoni surfers, i.e. self-propelled particles floating at an air-water interface, for
which a spontaneous propulsion arise as the particles release a surfactant in the 
surrounding water, inducing surface tension gradients at the origin of Marangoni 
flows in their vicinity. We implement numerically the model for which the swimmers 
are modeled as Gaussian sources of surfactant generating surface tension gradients. 
They follow the Marangoni flow filtered at their spatial scale in the lubrication regime, 
an unstable situation leading to spontaneous motion as soon as the Marangoni effect 
is intense enough.   

As the system is fully unconstrained, it is possible to study the various dynamical 
regimes from single swimmer, two-body interaction, to the many particles case 
characterized by an efficient particle dispersion. Although the present model is very 
simple, it reproduces the experimentally observed transition between a regime of 
dispersion by random agitation when the number of swimmers is moderate to the 
regime of crystallization with imperfect hexagonal lattice at high density. 

1 Laboratoire de Physique, CNRS, ENS de Lyon, France 

2 ILM, Univ Lyon, Univ Lyon 1, CNRS, Villeurbanne, France 

3 LMFA, CNRS / Univ Lyon, École centrale Lyon, Écully, France 
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Gust mitigation through passive pitching 

Yabin Liua, Shūji Ōtomoa, Stefano Gambuzzaa, Riccardo Brogliab, 
Edward McCarthya, Anna Youngc and Ignazio Maria Violaa 

Generally, natural fliers demonstrate greater flight control than manufactured aerial 
vehicles. Elastic joints allow natural wings to passively respond to gusts enabling steady 
flight in turbulence. To investigate the underlying physical principle, we consider the 
gust response of a foil that can passively and elastically pitch in response to a streamwise 
gust. The incompressible Navier-Stokes equations are weakly coupled with a rotational 
harmonic oscillator within the open-source toolbox OpenFOAM. A 2D NACA0012 
foil is modelled at an initial chord-based Reynolds number Re = 103, at an angle of attack

of 5. The initial spring moment is set to balance the fluid dynamic torque. The inflow 
velocity is doubled within one convective time following a hyperbolic tangent law. The 
results show that a passively-pitching foil experiences a total load fluctuation that is up 
to seven times lower than that of a fixed-pitch foil. We demonstrate through an 
analytical model that the quasi-steady variation of any force component, e.g. the lift, can
be cancelled if the pitch axis lies along a semi-infinite line from the foil. Furthermore, 
the amplitude of the unsteady load peaks decreases asymptotically with the distance of the
pitching axis location from the foil. We extend these results by testing selected cases at 

Re = 5 × 104 and Re = 106, where the same trends are observed. Furthermore, when the
gust triggers vortex shedding on the fixed foil, this is suppressed if the foil is allowed to 
passively pitch. These results provide new insights into the design of a passive system 
to mitigate unsteady loads; a system that may enhance the controllability and resilience 
of aerial and underwater vehicles, and turbine blades. 

Figure 1: (a) Free-stream velocity U nondimensionalised with the initial free-stream velocity
U0 versus time t nondimensionalised with U0 and the chord c, and the pitching axis position for
the passively-pitching foil (b) Lift L nondimensionalised with the initial lift L0 versus

nondimensionalised time tU0/c for the fixed foil and the passively-pitching foil at Re=103.

a
School of Engineering, University of Edinburgh, Edinburgh, EH9 3BF, UK 

b
CNR-INM, Institute of Marine Engineering, National Research Council, Rome, 00128, Italy

c
Department of Mechanical Engineering, University of Bath, Bath, BA2 7AY, UK
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Tail beat frequency selection for inertial underwater swimmers 

J. Sánchez-Rodrígueza, C. Raufasteb,c and M. Argentinab

The kinematics of undulatory underwater locomotion is mainly characterised by two 
parameters: tail beat amplitude and tail beat frequency, which in turn determine the 
swimming velocity1. However the mechanisms that lead aquatic swimmers to select 
these two magnitudes is not still completely understood and represents an active field 
of research. While a proprioceptive hypothesis could be responsible for setting 
amplitude and frequency as a function of interaction with the environment2, it still does 
not explain the fact that much higher beat frequencies are observed in small animals 
than in larger ones. 

To understand this relation, we have hypothesized that there exists a dynamical 
balance in the perpendicular direction to the swimmer’s motion. We argue that the 
forces produced by the swimmer to produce the tail oscillations are compensated with 
the reaction force of the fluid on the swimmer. We estimated the scaling laws obeyed 
by the two different forces: normal fluid force scaling is known and is given by Gazzola 
et al1. The muscular force is modeled using Hill’s equation, which relates the contraction 
speed of the muscle with the force it is able to provide. With this simple argument we 
obtain a scaling law that relates the tail frequency oscillation to the length of the animal. 
We have compiled existing data in the literature and we have compared the frequency-
length curves of biological swimmers with the results obtained from our simple model, 
obtaining a good agreement. 
________________________ 

a Laboratory of Fluid Mechanics and Instabilities, École Polytechnique Fédérale de Lausanne, 

Lausanne CH-1015, Switzerland
b Université Côte d’Azur, CNRS, Institut de Physique de Nice, 06100 Nice, France
c Institut Universitaire de France (IUF), 75005 Paris, France
1 Gazzola et al., Nature Phys 10, 758-761 (2014)
2 Sánchez-Rodríguez et al., Physical Review Letters, 126(23), 234501 (2021)

Figure 1: Tail beat frequency as a function of animal length. Blue points correspond to the 
measures from biological swimmers while the black line represents the results of our model. 
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Search strategies in a turbulent flow using a POMDP framework 

R. A. Heinonena, L. Biferalea, A. Celanib and M. Vergassolac 

In many practical scenarios, a flying insect must search for the source of an emitted cue 
(such as a pheromone or an odor) which is advected by the atmosphere. However, to 
this end the insect generally cannot rely on chemotactic strategies which simply climb 
the concentration gradient. On the macroscopic scales of interest, turbulence tends to 
mix the cue into patches of relatively high concentration over a background of very low 
concentration, so that the insect will only detect the cue intermittently and gradient 
estimation is rendered inefficacious. Thus, the insect faces an interesting problem of 
olfactory search in the presence of limited information, for which a number of heuristic 
strategies have been proposed.1 

 In this work, we cast this search problem in the language of a partially observable 
Markov decision process, where all available information is encoded into a probability 
distribution (or ‘belief’) over source locations. We assume a simple diffusive model for 
the turbulent environment (which includes a mean wind) and then use the Perseus 
algorithm to compute strategies that are near-optimal with respect to the arrival time, 
in the sense that the error in the Bellman equation is small. We test the computed 
strategies on a large two-dimensional grid, present the resulting trajectories and arrival 
time pdfs, and compare these to the corresponding results for several heuristics. We 
discuss additionally the choice of initial belief, the scalability of the algorithm to larger 
problem sizes, and the benefits and drawbacks of employing a reward shaping function. 
 This work is supported from the ERC under the European Union’s Horizon 2020 
programme (grant agreement No 882340). 

a
Dept. Phys. & INFN, Uni. Rome “Tor Vergata”, Via della Ricerca Scientifica 1, 00133 Rome, Italy

b
Quant. Life Sci., The Abdus Salam International Centre for Theoretical Physics, 34151 Trieste, Italy

c
Lab. Phys., École Normale Supérieure, CNRS, PSL Research University, Sorbonne University, Paris 

75005, France 
1 Reddy et al., Annu. Rev. Condens. Matter Phys 13, (2022).

Figure 1: sample trajectory (blue/green line) generated using a near-optimal policy. The source 
(red X) is at (10,20), and the starting point (65,16) is indicated by a red square. Detection events 
(red circles) occur with a log likelihood which is shown in grayscale.  
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Experimental investigation highlights the role of vision in fish 
schooling 

B. Lafouxa, R. Godoy-Dianaa and B. Thiriaa

The level of order in animal groups on the move can display a wide range of 
variations, from fully disorganized aggregates to very regular networks. This collective 
motion could not be achieved if individuals were assessing their environment 
independently; instead, it emerges due to inter-individual interactions within the 
group. In fish schools, the collection of this information is based on vision and flow 
sensing with the Lateral Line System (LLS), a pressure gradient sensing organ. The 
respective roles and importance of these two mechanisms remain unclear.  

Here we give experimental evidence that vision itself is necessary to school and 
that it allows to predict group phase transitions. 

We show that the group structure of rummy-nose tetra (Hemigrammus rhodostomus,
body length BL = 354 mm) exhibits distinct dynamics depending on the illumination 
of their environment. Free swimming assemblies of ca. 50 fish are recorded in a large
tank (30 x 35 BL) where illuminance level E is cyclically modified over time from 0 to
900 lux (see Figure 1). We quantify the geometrical order with polarization (P) and
milling (M) parameters, which capture global alignment and rotation: for low light
exposure, we observe little to no order; intensity of the collective motion then 
increases with illumination, until a threshold.  

Experimental studies on the role of vision in schooling are still rare, especially for 
large numbers of individuals, and could help us better understand the conditions of 
emergence and the nature of the collective motion in fish.  

Figure 1: (left) Time signal of the polarization (P) and milling (M) parameters for a group of

53 fish experiencing variations of the illuminance (E, normalized) over a 1h time period.
(right) Snapshots of the school at times 5, 15, 23 and 38 min, exhibiting the strong correlation
between organization level of the school and available visual cues. 

a
Laboratoire de Physique et Mécanique des Milieux Hétérogènes (PMMH, UMR 7636), CNRS, ESPCI 

Paris–PSL University, Sorbonne Université, Université de Paris, F-75005 Paris
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Insect-inspired two-vein flapping wings with anisotropic rigidity 

R. Godoy-Dianaa, R. Antiera, C. García-Baenab, C. Gutiérrez-Montesb,
J. I. Jiménez-Gonzálezb , and B. Thiriaa

A network of veins confers insect wings their anisotropic rigidity (see Fig. 1 A, B). 
We study the aerodynamics of a flapping flexible wing with a two-vein pattern that 
mimics the elastic response of insect wings in a simplified manner. The experiments 
reveal an optimal configuration for aerodynamic force production by the flapping 
wings when the two veins are spaced at an angle β of about 20 degrees. The 3D
deformation of the wings is monitored during the experiment while, simultaneously, 
the instantaneous aerodynamic forces are recorded with a force balance. The optimal 
distribution of the vein network in terms of propulsive force is examined, using a 
model based on the wing deformation observed at the instant of maximum wing 
flapping speed during a flapping cycle. 

Figure 1: (A) and (B) Two examples of the rigidity distribution in insect wings (Figures 
from Wootton1). Supporting areas (stippled), deformable areas (unstippled) and 
flexion lines (dashed) in (A) Syrphus ribesii (Diptera); (B) Vespulu germunicu
(Hymenoptera). m.f.l., median flexion line; cl.f., claval furrow; tr.f.l., transverse flexion 
line. Scale lines = 5 mm. (C) Model wing used in the present work. (D) Frontal view 
of the system mounted on the force sensor; several snapshots are superposed to 
illustrate the flapping wing motion. 

a
Laboratoire de Physique et Mécanique des Milieux Hétérogènes (PMMH, UMR 7636), CNRS, 

ESPCI Paris–PSL University, Sorbonne Université, Université de Paris, F-75005 Paris, France
b

Fluid Mechanics Research Group, Universidad de Jaén, Campus Las Lagunillas s/n, 23071 Jaén, 

Spain 
1 R. J. Wootton, “Support and deformability in insect wings,” Journal of Zoology 193, 447–468 

(1981). 
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Buoyant plumes in a turbulent boundary layer 

Miaoyan Panga and Kapil Chauhana 

Many studies have assessed the downstream development of plumes with the same 
density as the ambient environment1,2. However, heavier and lighter plumes disperse 
differently from the neutral case, and their downstream development is not fully 
documented. We have implemented a setup to release buoyant plumes in a laboratory 
and present our preliminary measurements first. The experiments are performed in 
the Boundary Layer Wind Tunnel (BLWT) at the University of Sydney. A low-speed 
turbulent boundary layer is generated using LEGO baseplates as transition triggers, 
and the resultant boundary layer thickness is 0.315 m. The source tracer gas is released 
at 0.08δ from the wall and 2δ upstream from the measurement location. The tracer 
discharges through a 0.015δ-diameter tube at the local wind speed. The gas mixture 
contains 98.5% stable gas and 1.5% iso-butylene. The purpose of the stable gases is to 

adjust the density of the tracer gas, ρs, where Helium is used for the positively buoyant 
plume, Nitrogen for the neutrally buoyant plume, and Argon for the negatively 
buoyant case. Downstream to the source, the velocity and the concentration are 
simultaneously measured in the wall-normal direction. A Photo-Ionisation Detector 
(PID) detects the concentration of iso-butylene by ionising a small volume of sample 
gas in its chamber. An X-wire measures the streamwise and vertical components of 
velocity. Figure 1(a) shows the mean velocity profile, whereas figure 1(b) shows the 
mean concentration profiles. Buoyancy influences both the width of the plume and 
the height of the plume centreline. The relative rise and fall of the positive- and 
negative buoyant plume, respectively, is expected. The mean concentration profiles 
for the buoyant cases are still Gaussian (or reflected-Gaussian), also plotted in figure 
1(b). Ongoing measurements are for multiple streamwise locations and source heights 
with the same density ratio. Accordingly, we will present a comparison of mean and 
turbulence statistics for the three buoyancy cases. 

a
Centre for Wind, Waves, and Water, School of Civil Engineering, The University of Sydney, Sydney, 

NSW 2006 
1 Fackrell and Robins, J. Fluid Mech. 117, 1 (1982).
2 Nironi et al., Boundary-Layer Meteorology. 156, 415 (2015).

Figure 1: (a) mean velocity where the grey dashed line is the log-law. (b) mean concentration, the dashed 
doted lines are fitted reflected Gaussian profile. 
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Inhomogeneous isotropic turbulence 
of variable density incompressible flows 

Loïc Reyniera, Bastien Di-Pierroa Frédéric Alizarda 

Atmospheric emissions, whether from industrial processes or natural phenomena, 
generate air pollution over large aeras. These flows are generally slow (with respect to 
the speed of sound) but present strong density gradients. This study aims at 
understanding how density variations influence the turbulence dynamics of an 
incompressible flow. For this purpose, an original formulation has been adopted 
where the density is treated as an active scalar of the flow while the velocity field keeps
its incompressible behavior [1]. 

Equations are solved with a parallel solver of spectral accuracy using high-order 
implicit time schemes [2] and the turbulence is forced by the injection of a source 
term in the dynamics equation. The method used to compute the source term is an 
extension of the method proposed by Lundgren [3] developed with the aim of 
conserving the total kinetic energy of the flow in the inhomogeneous case. The 
numerical method is validated by testing its ability to reproduce well known test cases 
carried out within the constant density assumption [4]. 

The first inhomogeneous results obtained using statistical analysis carred out on 
DNS database show that the Kolomogorov spectrum is preserved while the 
probability density functions are strongly dissymetrized. This modification of the flow 
structures would be due to additional inertial effects at small scales. During the 
conference, we will present the influence of our control parameters, the density ratio 
and the Schmidt number, upon the dissymmetrization of the flow by comparing the 
PDFs at constant and variable density [Figure 1]. 

a
Laboratoire de Mécanique des Fluides et d’Acoustique, Écully, France

1 Guillén-González et al., J. of Mathematical Analysis and Applications. 326, 468 (2007).
2 Di Pierro and Abid, International J. for Numerical Methods in Fluids 71, 1029 (2012).
3 Lundgren, Center for Turbulence Research Annual Research Briefs, 461 (2003).
4 Vincent and Meneguzzi, J. Of Fluid Mechanics 225, 1 (1991).

Figure 1: Comparison of the instantaneous spatial probability density functions of the 
x component of the velocity field for both constant (plain) and variable (dashed)
density simulation (Re = 1000, Schmidt number = 1, Atwood number At = 0.6). 
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Local turbulent mixing studies in cloud turbulence

Vladyslav Pushenkoa and Jörg Schumachera,b 

Clouds play a key role in weather and even climate dynamics on the Earth. The 

turbulent mixing of moist with dry air in clouds has an influence on the water droplet 

size distribution and the number density of droplets and thus on the formation of rain 

and the reflectivity of solar radiation. Here, we investigate cloud mixing processes by 

combining Eulerian and Lagrangian frames of reference and extending a recent 

approach by Fries et al.1 Therefore, direct numerical simulations (DNS) based on the 

pseudospectral method are applied in a cubical volume with periodic boundary 

conditions. Our investigations start in a small cube of sidelength < 1m in the bulk of a 

warm turbulent cloud (with no ice). Using Lagrangian tracers, fields of the Finite-Time 

Lyapunov Exponent (FTLE) are calculated. They quantify the local stretching 

characteristics of fluid elements and thus the local flow topology. The probability 

density function of the most compressive Lyapunov exponent can be connected to 

the probability density function of advected (passive) scalar fields.2,3 This concept is 

applied here to the strongly fluctuating supersaturation field which itself depends on 

the temperature and vapor content in the cloud volume.  Our studies comprise 

comprehensive parameter variations of evaporation and droplet relaxation timescales 

which are related to the characteristic flow timescales in a corresponding Damköhler 

number.   

a Institute of Thermodynamics and Fluid Mechanics, Technische Universität Ilmenau, Postfach 
100565, D-98694 Ilmenau, Germany. 

b Tandon School of Engineering, New York University, New York City, NY 11201, USA 

1 Fries et al. Q J R Meteorol Soc. 147, 2160– 2172 (2021)
2 Villermaux and Duplat. Phys. Rev. Lett. 91, 184501 (2003)
3 Götzfried et al., Phys. Rev. Fluids. 4, 044607 (2019)

a)              b) 
Figure 1: Snapshots of (a) the kinetic energy dissipation rate field and (b) the largest finite-time Lyapunov 
exponent field which demonstrate similar structures. 

855



Multiparticle dispersion in turbulent flows in the presence of 
rotation and stratification 

S. Gallona, A. Pumira,b

Particle dispersion is an important process in geophysics, influencing e.g. the climate. 
We are interested here in the dispersion of a set of particles in a turbulent flow, a 
process that has been thoroughly studied in the case of homogeneous isotropic 
turbulence (HIT). Rotation (ROT, Coriolis frequency, f) and stratification (STRAT, 
Brunt-Väisälä frequency, N) are known to affect the dynamics of geophysical flows. 

We are considering here flows with both ROTSTRAT and fix the ratio N/f = 5, a 
configuration where a transition from eddy- to wave-dominated flows was observed1. 
Here, we focus on sets of particles initially forming a regular tetrahedron, of size r = 

R0 ± R0, found by searching systematically through a 1.5  106 particles database, via 
a recently developed algorithm using octotrees2. Fig.1(a) shows the evolution, forward 
and backward in time, of the averaged eigenvalues of the shape tensor, gi, with the 
convention that g1 ≥ g2 ≥ g3 3. Fig.1(b) shows the averaged contribution of the leading 

eigenvector perpendicular v⊥ and parallel v∥ to the ROTSTRAT axis. The evolution 
leads from regular shapes at t=0 (with identical eigenvalues) to shapes with g1 >> g2 > 
g3, corresponding to elongated objects. Fig.1(a) indicates that ROTSTRAT accelerates 

the formation of elongated objects, the more so as the ratio 2/N2 decreases to 

values less than 1. The small value v∥2/v⊥2, see Fig.1(b), indicates that the needles 
are preferentially oriented perpendicular to the ROTSTRAT axis. 

We thank D. Buaria and R. Marino for sharing the database used in 1. 

a
Laboratoire de Physique de l’Ecole Normale Supérieure de Lyon and CNRS, 69007, Lyon, France. 

b
Max-Planck-Institute for Dynamics and Self-Organization, Göttingen, 37077, Germany 

1 D. Buaria et al., Phys. Rev. Fluids 5, 064801 (2020)
2 S. Gallon et al., in preparation (2022)
3 J. Jucha et al, Phys. Rev. Lett. 113, 054501 (2014)

Figure 1: Deformation of regular tetrahedra forward and backward in time in homogeneous 

isotropic turbulence (solid lines) and in rotating and stratified turbulence (dashed to dotted 

lines). The initial size of the tetrahedra is R0 = 60  +− R0  where  is the Kolmogorov 

length scale, and  R0 = 2% R0. The Figures reveal that the shapes, with g1 >> g2, are 

preferentially needle like (a) and aligned perpendicular to the ROTSTRAT axis (b). 
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Numerical investigation of smooth body flow separation using 
LES and RANS 

H. Garga, M. Anderssona and C. Furebya

The study of turbulent boundary layer separation and reattachment remains a funda-
mental problem despite decades of ongoing comprehensive experimental and compu-
tational research. One of the most critical challenges in wall-bounded flows is the ability 
to predict separated flows accurately, mainly flows where smooth geometric changes 
dictate the separation. The present study aims at investigating the development, separa-
tion, reattachment, and gradual downstream recovery of the flow over a smoothly coun-
tered ramp. We carry out extensive RANS and LES simulations using OpenFOAM 
(version 7.0) to improve our understanding of high Reynolds turbulent separating flow 
around the curved ramp studied experimentally by Song et al1,2.

We specifically focus on comparing five different subgrid models on a grid of inter-
mediate resolution containing approximately 19.2 million cells. The numerical simula-
tions directly reproduce available experimental data, figure 11,2. Our systematic analysis 
reveals that WALE and LDKM LES models alongside RANS models behave reasona-
bly well and show acceptable agreement with the experimental data. However, they de-
part from the experimental ones close to the end of the separation region. 

Furthermore, the effect of grid resolution has been examined by studying the be-
havior of one model on three different locally refined grids varying from 19 to 100 
million cells. Surprisingly the Local Grid Refinement (LGR) for the LDKM model does 
not significantly improve the predictions close to the end of the separation region. Sim-
ulations on a finer mesh using different models are currently being performed to inves-
tigate this issue further. The degree of anisotropy mainly close to the separation zone is 
also to be investigated in order to validate the LES model’s applicability. 

Figure 1: (a) Iso-surfaces of the second invariant of the velocity gradient tensor, 𝜆2, col-
oured by the axial velocity and (b) time-averaged streamwise velocity profiles. 

a Dep. Energy Sciences, Lund University, SE-221 00, Lund, Sweden 
1 Song et al., Int. J. Heat & Fluid Flow 21, 512 (2000). 
2 Song and Eaton, Exp. in Fluids 36, 246 (2004). 
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Turbulence without vortex stretching 

T. WUa, W. J. T. Bosa

Vortex stretching plays an important role in the transfer of kinetic energy. Our aim is 
to understand the effect of vortex stretching by removing this term from Navier-
Stokes equations1.  
 We prove that helicity and enstrophy are invariants of the system2. This 
conservation property leads to a dual cascade (a forward enstrophy cascade and a 
backward helicity cascade). We derive analytical predictions for the scaling of the 
inertial ranges of the energy and helicity spectra. For the forward enstrophy cascade, 
the scaling of the energy and helicity spectra are -3 and -2 respectively, and for the 
backward cascade with large-scale friction, they are -7/3 and -4/3 respectively.  
 Combining statistical mechanics and Direct Numerical Simulations, we assess our 
predictions. The black dotted line in Fig. 1(a) shows the energy spectrum for the 
backward helicity cascade regime with large-scale friction in the statistically steady 
state, and the coloured spectra are frictionless and the time-instants are t = 2; 5; 10; 20; 
30; 40; 50; 60; 80; 100. These numerical results confirm our predictions. And Fig. 1(b) 
represents visualization of kinetic energy of turbulence with large-scale friction in a 
statistically steady state. 

(a) 
Figure 1: No vortex-stretching system forced at small scales. (a) Energy spectra for the 

backward helicity cascade regime with and without large-scale friction. (b) Visualization of 

kinetic energy of turbulence with large-scale friction in a statistically steady state. 

a
LMFA-CNRS, Ecole Centrale de Lyon, Université de Lyon, Ecully, France. 

1 Bos, J. Fluid Mech. 915, A121 (2021).
2 Wu and Bos, J. Fluid Mech. 929 (2021).
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Wall-bounded turbulence does not need streaks 

J. Jiméneza

Although the streamwise velocity, u, of wall-bounded turbulence is dominated by long 
streamwise streaks, we show that the bursting process is relatively little affected by 
their absence. Numerically damping long fluctuations of the streamwise velocity1,2 

shows that the only perturbations of u required to sustain turbulence are those 
associated with the bursts themselves (figure 1a-d). This can be considered one more 
step in the simplification of the models of wall turbulence. There is little that can be 
interpreted as a streak in the damped flow in figure 1b, suggesting that the observed 
long correlations of the streamwise velocity in natural flows are by-products rather 
than drivers of the dynamics of the wall (figure 1e). This opens several questions. The 
first one is how bursts are sustained, because, as in the case of the classical self-
supporting process, all the likely mechanisms for streak-less flows are transient. The 
hope is that the new system might be easier to model than the classical SSP, because 
one of the components of the latter is missing. The second question is what the role 
of streaks in maintaining natural turbulence could be. They contain a substantial 
fraction of the kinetic energy and Reynolds stresses and, although we show that they 
are not essential components of the bursting cycle, they may still participate in other 
equally important process. Lastly, the question of how the wall gets its streaks remains 
open. Supported by the European Research Council grant AdG-101018287. 

a
Aeronautics, U. Politécnica Madrid. 28040 Madrid, Spain 

1 Jiménez and Pinelli, J. Fluid Mech. 389, 335 (1999)
2 Jiménez, ArXiv preprint. 2202.09814 (2022)

Figure 1. (a,b) Wall parallel section of the streamwise velocity (y/h=0.35, Reτ=550), (a) 
undamped. (b) Damped for lengths beyond to the position of the dashed line. This is the red 
lines in (c,d). (c) Mean velocity profile. Dashed, undamped; solid, progressively damped in the 
direction of the arrow. (d) Same for u’. (e) Sketch of a streak-less ‘cycle’. 
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Pair dispersion in homogeneous isotropic turbulence: new 
experimental measurements for ballistic cascade phenomenology 

T. Basseta, S. G. Huismanb, R. Volka and M. Bourgoina

Particle tracking velocimetry has been realised with tracers in a Lagrangian 
Exploration Module1, which allows for generating homogeneous isotropic turbulence. 
Seven data sets of trajectories have been generated for seven Reynolds numbers 
(Taylor Reynolds number between 250 and 600) and fully characterised through 
Eulerian and Lagrangian analysis. In particular, pair dispersion statistics for positions 
and velocities have been computed. 

The autocorrelation function of pair relative velocity is computed for various initial 
separations to obtain the associated time scale. By combining measurements at the 
seven available Reynolds numbers, we show that the scaling with energy dissipation 
rate and initial separation of this time scale is consistent with dimensional analysis in 
the inertial range of scales. More precisely, this time is found proportional to the 
Batchelor time2 and a proportionality constant around 0.07-0.08 is measured. 

We reinterpret this time scale in the framework of the ballistic cascade 
phenomenology for pair dispersion3, which describes particle separation as a 
succession of scale-dependent ballistic steps, eventually leading to Richardson’s super-
diffusive cubic regime4. Each ballistic step has a scale-dependent finite duration 
dimensionally proportional to the Batchelor time. Interestingly, the associated 
proportional constant, called ballistic or inertial constant, can be analytically related to
Kolmogorov and Richardson constants. Based on a discrete iterative implementation 
of the ballistic model, the inertial constant has been estimated to be of the order of 
0.12, hence very close to the experimental value presently found for the correlation 
time of pair relative velocity. This justifies to cast the ballistic time into the correlation 
time of pair relative velocity in order to refine the discrete model into a more realistic 
continuous approach accounting for scale-dependent relative velocity correlations. 
Such an improved model for pair dispersion will be also presented. 

a
Laboratoire de Physique, CNRS, ENS de Lyon, France

b
Physics of Fluids, University of Twente, Netherlands 

1 Zimmermann et al., Rev. Sci. Instrum. 81, 055112 (2010).
2 Batchelor, Q. J. R. Meteorol. Soc. 76, 133 (1950).
3 Bourgoin, J. Fluid Mech. 772, 678 (2015).
4 Richardson, Proc. R. Soc. Lond. A 110, 709 (1926).
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Generalised quasilinear approximations of turbulent channel flow. 
Spanwise scale interactions 

C. G. Hernándeza, Q. Yangb and Y. Hwanga

A generalised quasilinear (GQL) approximation1,2 is studied in turbulent channel flow 
at high Reynolds number. The focus of the present study is given to its application in 
the spanwise direction and its exploitation as an interventional tool to study the scale 
interactions in wall-bounded turbulence, via the suppression of particular triadic wave 
interactions between the low- and high-wavenumber groups. This contrasts with the 
focus of a previous work3, where the GQL approximation is applied in the streamwise 
direction with the goal of exploring the nonlinear interactions between energy-
containing streamwise waves, which have been understood to originate from the 
streak instability and/or transient growth mechanism in the self-sustaining processes 
at different length scales. In this work, the GQL approximation decomposes the flow 
into two groups, the former of which contains a set of low-wavenumber spanwise 
Fourier modes, and the latter are composed of the rest high-wavenumber spanwise 
modes. The former low-wavenumber group is then solved by considering the full 
nonlinear equations, while the latter high-wavenumber group is obtained from the 
linearised equations around the former. This decomposition leads to a nonlinear low-
wavenumber group that supports the self-sustaining process within the given integral 
length scales, whereas the linearised high-wavenumber group is not able to do so, 
unlike the GQL models in the previous work3 which place a minimal mathematical 
description for the self-sustaining process across all integral scales. The GQL models 
employed in the present work share some similarities with those in which the low-
wavenumber group is solely composed of streamwise Fourier modes, despite the 
important physical differences: first, the reduced multi-scale behaviour and anisotropic 
turbulent fluctuations; and second, the reproduction of key statistical features in the 
high-wavenumber group despite not being able to support the self-sustaining process 
there. Finally, a set of numerical experiments suppressing certain triadic nonlinear 
interactions are carried out, which serves to unveil some key roles played by the 
certain types of triadic interactions including energy cascade and inverse energy 
transfer in the near-wall region. 

a
Department of Aeronautics, Imperial College London, South Kensington, London SW7 2AZ, UK

b
State Key Laboratory of Aerodynamics, China Aerodynamics Research and Development Centre, 

Mianyang 621000, PR China 
1 Marston et al., Phys. Rev. Lett. 116, 214501 (2016).
2 Tobias and Marston, J. Fluid Mech. 810, 412–428 (2017).
3 Hernández et al., J. Fluid Mech. 936, A33 (2022).
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Combined effects of inlet turbulence and localized injection on the 
structure of turbulent channel flow 

Masoud Asadia, Md. Kamruzzamana, and R. Jason Hearsta 

Previous studies have shown that localized injection1,2 and inlet turbulence3 
significantly affect the structure of turbulent channel flow.  

To experimentally explore the combined effects of these two phenomena on 
turbulent channel flow, 4 different inlet turbulence cases were produced by an active 
grid at the inlet of an air channel (see Asadi et al.1 for details of the set-up), while 
distributed air was injected at the bottom wall of the channel using a porous plate 
located ~75H (H = 50 mm is the channel height) downstream of the inlet; as a result, 
6 different bottom wall boundary conditions were generated, i.e., smooth wall, porous 
wall (I0), together with 4 injection cases named as I1, I2, I3, and I4 with increasing 
injection rate. PIV measurements were performed in two locations, i.e., above the 
injection plate and 11H downstream of it. The centreline Reynolds number was 
matched at ReH ≈ 22,300 for all cases. 
 Figure 1(a) shows the mean streamwise velocity profiles measured above the 
injection plate. The wall injection creates a velocity deficit in the inner regions, while 
the inlet turbulence does not affect the velocity profiles in the inner regions. Figure 
1(b) and (c) demonstrate the fluctuations profiles for the highest injection case (I4) for 
different inlet turbulence intensities. The localized injection amplifies the normal and 
shear components of the Reynolds stress up to a certain height. The inlet turbulence 
only elevates the streamwise fluctuations. The inlet turbulence appears to enhance the 
transport of the injection effects to the outer regions as the amplified layer appears to 
move rightward with increasing the inlet turbulence intensity. 
 The turbulence structural analyses (i.e., PDF, quadrant, and correlation analyses) 
are also performed for different cases; however, the results are not shown for brevity. 

a
Energy and Process Engineering Department, NTNU, Kolbjørn Hejes vei 2, Trondheim, Norway 

1 Keirsbulck et al., Exp. Fluids. 40, 654 (2006).
2 Haddad et al., J. Fluids Eng. 128, 611 (2006).
3 Asadi et al., J. Fluid Mech. 935, A37 (2022).
4 Lee and Moser, J. Fluid Mech. 774, 395 (2015).

Figure 1: (a) Mean velocity, (b) streamwise fluctuations, as well as (c) wall-normal fluctuations 
(filled symbols) and Reynolds shear stress (open symbols), above the injection plate for smooth 
wall, I0, I1, I2, I3, and I4, shown with grey, green, red, blue, yellow, and purple color scheme, 
respectively, with darkening colors indicating the increased inlet turbulence intensity. 
superscript ‘+’ indicates normalized by inner variables. Dashed lines show the direct numerical 
simulation results4 at friction Reynolds number ≈ 550. 

(a) (b) (c) 
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Spatial and Temporal Scales of Free-Surface Turbulence 

Roumaissa Hassainia, Kelken Changa, Yaxing Lia, Claudio Mucignatb, 
Filippo Colettia 

Compared to single-phase three-dimensional turbulence, the transport along the free 
surface of a turbulent liquid have received limited attention. Past studies in this area 
have mostly focused on the influence exerted by the surface on the flow underneath, 
while our understanding of the dynamics along the interface itself remains incomplete. 
Here we study the motion of tracer particles floating on the free surface of turbulent 
water. Experiments are carried out in a large open channel flow facility, over the 1-
meter wide and 6-meter long fully developed turbulent region behind a square mesh 
grid. Millions of trajectories are reconstructed by particle tracking velocimetry, allowing 
us to explore single-point and two-point statistics in both the Eulerian and the 
Lagrangian frames. We focus on a regime in which deformation of the free surface by 
turbulence is negligible. Despite the tracers being confined to a 2D fluid surface, their 
motion is consistent with the canonical theory of Kolmogorov for 3D homogeneous 
isotropic turbulence. This is revealed by the analysis of: the distributions of velocity 
fluctuations and accelerations; the correlation length scales of the flow; the Eulerian 
velocity structure functions; the Lagrangian single-particle dispersion; and the particle-
pair dispersion. The key turbulence characteristics, including the turbulence dissipation 
rate and integral length scale of the free surface flow are consistent with those measured 
in the bulk by particle image velocimetry. Still, the peculiar aspects of the free-surface 
transport are evident from the effective compressibility of the velocity field: the floating 
tracers display intense clustering, as quantified by radial distribution functions and 
Voronoi diagram analysis. The clusters extend over spatial and temporal scales 
comparable to the integral scales of the turbulence. 

a
Department of Mechanical and Process Engineering, ETH, Zurich, Switzerland

b
Swiss Federal Laboratories for Materials Science and Technology, Dübendorf, Switzerland 

Figure 1: (a) The open channel flow facility used in the present study. (b) Probability distribution 

of streamwise (blue) and lateral (orange) accelerations, displaying strong intermittency. (c) 
Lagrangian velocity autocorrelation, showing an integral time scale ~1 s. 
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Enhancement of drag and mixing in a dilute solution of rodlike 
polymers at low Reynolds number  

S. Musacchioa, L. Puggionia and G. Boffettaa

We present the results of numerical simulations of a simple rheological model1 for the 
dynamics of a dilute solution of rigid rodlike polymers in a viscous fluid at low 
Reynolds number.  
We show that the rotational dynamics of polymers destabilizes the laminar flow and 
causes the emergence of a turbulent-like chaotic flow with a wide range of active 
scales. The spectrum of kinetic energy spectrum displays a power-law behavior which 

is almost independent on the polymer concentration  (see Figure 1, left panel).  
This regime is characterized by an increased flow resistance, corresponding to a 
reduced mean flow at fixed external forcing, as well as an increased mixing efficiency. 
The latter effect is quantified by measuring the decay of the variance of a scalar field 
transported by the flow (see Figure 1, right panel). 
Finally, by comparing the results of numerical simulations of the model in two- and 
three-dimensions, we show that the phenomena observed are qualitatively 
independent on the dimensionality of the space.  

a
Department of Physics, University of Turin, via P. Giuria 1, Torino, Italy 

1 Doi and Edwards, The theory of polymer dynamics, Oxford University Press (1988) 
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Figure 1: (Left) Kinetic energy spectra at different polymer concentrations  (Right) 
Temporal decay of the variance of the scalar field.  

865



Multiscale analysis of time irreversibility in wall turbulence 

G. Iacobelloa, S. Chowdhurib, L. Ridolfic, L. Rondonid, and S. Scarsoglioe

Time irreversibility represents a distinctive feature of non-equilibrium systems and has 
been the subject of many studies, ranging from the original investigations that led to 
the kinetic theory of gases to, for example, river flows and human heartbeat. Time 
asymmetry in stationary time-series, in fact, reveals key features of the corresponding 
dynamical system, like nonlinearity and non-Gaussianity1. Among relevant physical 
systems, turbulent flows have also been investigated under the lens of time 
irreversibility2 that is typically associated with energy cascade in the scale-space (i.e., 
leading to a preferential direction of energy transfer). However, most of the studies of 
time irreversibility in turbulence have focused on homogeneous isotropic turbulence3, 
and backward-forward statistics of tracer trajectories have mainly been explored to 
look into time asymmetry in wall-bounded turbulence4. This work aims to investigate 
time irreversibility in wall-bounded turbulence from one-point time series instead of 
Lagrangian trajectories, and connect such feature with the underlying flow structure. 
The contribution to time irreversibility from different time scales is investigated, 
together with the effect of increasing wall-normal distance. A measure based on a 
visibility-graph representation of time series5 is used to quantify time irreversibility 
from streamwise (one-point) velocity signals, experimentally measured on a turbulent 
boundary layer at friction Reynolds number Reτ=14750. Results show significant 
variations of time irreversibility values along the wall-normal direction, as well as 
across different time scales. The analysis, also corroborated through other 
irreversibility measures (e.g., based on the fluctuation theorem1), reveals a connection 
between higher time irreversibility values and the spatial arrangement of turbulent 
coherent structures in the flow. In a broader perspective, present findings can shed 
light on the role of organised flow structures (with different characteristic scales) in 
the generation of temporal asymmetry in the flow dynamics, at different wall-normal 
distances. 

a
 School of Mechanical Engineering Sciences, University of Surrey, Guildford, GU2 7XH, UK

b
 Indian Institute of Tropical Meteorology, Ministry of Earth Sciences, Pune, 411008, India 

c
 Dep. Environmental, Land and Infrastructure Engineering Politecnico di Torino, Turin, 10129 Italy 

d
 Dep. Mathematical Sciences, Politecnico di Torino, Turin, 10129, Italy 

e
 Dep. Mechanical and Aerospace Engineering, Politecnico di Torino, Turin, 10129, Italy 

1 Porporato et al., Phys. Rev. Lett., 98(9), 094101 (2007). 
2 Rondoni and Segre, Nonlinearity, 12(6), 1471 (1999).
3 Jucha et al., Phys. Rev. Lett., 113(5), 054501 (2014).
4 Polanco et al., Int. J. Heat Fluid Flow, 71, 231(2018).
5 Iacobello et al., Physica A, 563, 125476 (2021).
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Optimal white-noise approximation for stochastic forcing of linear 
models in turbulent channel flow 

Jacob Holforda, Myoungkyu Leeb and Yongyung Hwanga 

A linearised Navier-Stokes, data-driven model is developed where an eddy-viscosity 
diffusion term and stochastic forcing is included to mimic the role of the nonlinearity 
for high Reynolds number channel flow (Re = 5200, where Re is the friction Reynolds 
number). The stochastic forcing is prescribed as white-in-time, spatially uncorrelated 
forcing with the intensity left arbitrary and determined via formulating an optimization 
problem such the forcing drives a response to best match the spectra of a direct 
numerical simulation1 (DNS). The form of the ‘input’ DNS spectra to this 
optimization problem exploits the attached eddy hypothesis2 (AEH), using the 
geometrical self-similarity of the eddies with respect to spanwise length scale3. It is 
shown the DNS spectra have self-similar regions about the local peak for a given 
spanwise length scale, as well as self-similar breaking regions associated with the 
energy cascade and the inactive footprint of the eddies. This self-similar region is 
associated with the self-similar eddies from the AEH, with linear models replicating 
this active feature, as well as the geometric self-similarity4. Following this the optimal 
stochastic forcing is determined over a range of spanwise length scales across the 
near-wall, logarithmic and outer layers, and the self-similarity in the forcing with 
respect to spanwise length scale is subsequently analysed. Indeed, a corresponding 
level of self-similarity is observed in the forcing spectra, with the role and scaling of 
the forcing in driving the self-similar,. However, the forcing associated with energy 
cascade and inactive near-wall features are not self-similar and discussed. By making 
use of this self-similar behaviour in the forcing spectra, a universal form of the forcing 
can be prescribed within the logarithmic layer, providing a rapid method for modelling 
the nonlinearty in linearised Navier-Stokes based approaches. 

a
Dept. Aeroanutics, Imperial College London, South Kensington, London, UK

b
Dept. Aerospace Engineering and Mechanics, University of Alabama, Tuscaloosa, Alabama, USA 

1 Lee and Moser, J. Fluid Mech. 774, 395 (2015).
2 Townsend, The Structure of Turbulent Shear Flow, Cambridge (1976) 
3 Hwang and Cossu, J. Fluid Mech. 664, 51 (2010).
4 Hwang, J. Fluid Mech. 767, 254 (2015).  

Figure 1: Premultiplied spectra of the streamwise forcing component for (a-c) kzh = 6, 20, 126. 
The contour levels are seperated by 0.1 times the maximum value. 
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Scaling law and Stochastic modelling of the fluid particle dynamics 
at large Reynolds numbers 

R. Zamanskya

Fluid-particle acceleration is intimately related to the dissipation rate of turbulence, in 
line with the Kolmogorov assumptions. On the other hand, various experimental and 
numerical works have reported as well its dependence on the kinetic energy. In this 
talk, we discuss the statistics of the fluid-particle acceleration conditioned on both the 
local dissipation rate and the kinetic energy. We show that this quantity presents an 
exponential dependence on the kinetic energy, in addition to the expected power law 
behavior with the dissipation rate. The exponential growth, which clearly departs from 
the previous propositions, reflects the additive nature of the kinetic energy, and gives 
the possibility to see the acceleration as a multiplicative cascade process integrating the 
effects of sweeps by the flow structures along the fluid-particle trajectory. On the 
basis of this observation, we propose a stochastic model for the dynamics of a tracer 
in turbulent flows. Using the multifractal model for the dissipation rate recently 
proposed by L. Chevillard, as well as an additional hypothesis on the structure of the 
diffusion tensor ("maximum winding hypothesis"), we will show that this model is in 
good agreement with the DNS and presents the essential characteristics of the 
"Lagrangian turbulence" highlighted in recent years, namely (i) non-Gaussian PDF of 
acceleration, (ii) scale separation between the norms of the acceleration and its 
components, (iii) anomalous scaling law for the Lagrangian velocity spectra, and (iv) 
negative skewness of the power increments, reflecting the temporal irreversibility. 

One realization of the stochastic process for  (a) top: evolution of the acceleration with time, 
ax: red, au: green, az: blue, |a|:  black. Bottom left: evolution of the velocity with time, ux: red, uy: 

green, uz: blue, |u|: black.  (b): 3D trajectory of a fluid particle obtained by time integration of the 
velocity. 

a Institut de Mécanique des Fluides de Toulouse (IMFT), Université de Toulouse, CNRS-INPT-

UPS, Toulouse France 
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Study of small-scale vortices in a von Kármán homogenous 
turbulent flow 

F. Aligolzadeha, M. Holznerb,c, J. R. Dawsona

Features of small-scale vortical structures are investigated in a fully resolved 
experimental data set of homogenous turbulence measured at the center of a large-
scale von Kármán mixing tank facility. The data set is three-dimensional, three-
components (3D-3C) from a scanning PIV measurement1 with the spatial resolution 

of ~1η, where η is the Kolmogorov length scale. In addition to the experimental data 
set, a DNS data set of forced isotropic turbulence from the Johns Hopkins 
Turbulence Data base is also analysed and the results are compared to those from the 
experimental data set. In this study, an objective observer-independent detection 
method proposed by Haller et al.2 was implemented to avoid the shortcomings of the 
conventional non-objective detection methods for the small-scale vortices widely used 
in the literature. The detected vortical structures from both data sets have the average 

radius of ~5η which is in good agreement with DNS studies on a variety of turbulent 
flows in the literature. Correlations of enstrophy and dissipation show that inside the 
structures these two parameters have a stronger tendency to scale together compared 
to the whole volume of the turbulent flow. Investigating the alignment between the 
vorticity vector and the rate of strain eigenvectors shows a strong tendency for 
alignment with the intermediate eigenvector and normal alignment to the rest of the 
eigenvectors inside the structures. In addition, some features of the detected 
structures are compared to those of the equivalent Burgers’ vortices. These features 
are radius, entrainment of the ambient fluid, enstrophy distribution profile on the 
radial lines of the structures, and different terms of the enstrophy transport equation. 
It is found that the Burgers’ vortex model can explain the governing physics of the 
vortical structures, but it is incapable of predicting the local statistics.    

a
Dep. Energy and Process Engineering, NTNU, N-7491 Trondheim, Norway

b
Swiss Federal Institute of Forest, Snow and Landscape Research WSL, 8903 Birmensdorf, 

Switzerland 
c

Swiss Federal Institute of Aquatic Science and Technology Eawag, 8600 Dübendorf, Switzerland 

1 Lawson and Dawson, J. Fluid Mech. 780, 60-98 (2015).
2 Haller et al., J. Fluid Mech. 795, 136-173 (2016).
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Thermal convection under spatially varying magnetic fields 

S. Bhattacharyaa, T. Boecka, D. Krasnova and J. Schumachera

In the present work, we study the evolution of turbulent superstructures in an 
extended fluid layer of aspect ratio 16:32:1 under the influence of non-uniform 
magnetic field. The layer is heated from below and cooled from above (Rayleigh-
Benard configuration). Superstructures are prominent and coherent large-scale flow 
patterns that persist for very long times and extend over scales in the lateral direction 

that are significantly larger than the domain height.1bWe use the magnetic field 

distribution created in the gap between two semi-infinite planar magnetic poles. The 
convection layer is located near the edge of the gap. We employ direct numerical 
simulations of the above setup for fixed Rayleigh and Prandtl numbers (Ra = 105 and 
Pr = 0.021) but vary the magnetic field profiles (determined by the gap between the 
convection cell and the magnets) and field strengths (determined by the Hartmann 
number - Ha).  We investigate how the magnetic field profile and strength impact the 
evolution of the superstructures and their characteristic time and length scales.  

Figure 1(a) exhibits the vertical magnetic field (Bz) distribution on the vertical (y-z)
midplane, and Fig. 1(b) displays the instantaneous snapshot of the temperature field 
on horizontal (x-y) midplane showing the superstructure patterns. The patterns are 
observed to become thinner in the region of strong magnetic fields, as discernible in 
Figs 1(a,b).  We also conduct a detailed study on the implications of these structures in 
turbulent heat transfer. Our work is relevant and related to both natural flows (solar 
convection) and engineering applications (for example, cooling blankets in future 
fusion reactors). 

a
Institut für Thermo-und Fluiddynamik, Technische Universitat Ilmenau, Postfach 100565, D-98684 

Ilmenau, Germany

1 Pandey, Scheel and Schumacher, Nat. Commun. 9, 2118 (2018).

Figure 1: For Ha = 50: (a) Distribution of the vertical magnetic field (Bz) in vertical (y-z) 

midplane of the convection cell, (b) instantaneous field of temperature in the horizontal (x-y) 
midplane of the convection cell showing the superstructure patterns. 
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A quadratic Reynolds stress development for the turbulent 
Kolmogorov flow: a DNS study 

W. Wua, F.G. Schmittb, E. Calzavarinic and L. Wanga

We study the 3D turbulent Kolmogorov flow, i.e. the Navier-Stokes equations forced 
by a single-low-wave-number sinusoidal force in a periodic domain, by means of 

direct numerical simulations with microscale Reynolds numbers up to R=200. This 
classical model system is a realization of anisotropic and non-homogeneous 
turbulence. As a simple realization of turbulence with a spatially dependent mean 
flow, it is a convenient test ground for turbulent transport models. Boussinesq's eddy 
viscosity linear relation is checked. It is shown that a quadratic nonlinear constitutive 
equation can be proposed: a linear term and two nonlinear terms in the form of 
traceless and symmetric tensors are involved and their coefficients are numerically 
estimated (Figure 1). For about half of the flow domain, the linear term is dominating, 
whereas for the vanishing mean velocity regions a constant term is the only one 
remaining. Hence an effective viscosity coefficient can be estimated for the 
Kolmogorov flow, but nonlinear terms are needed: globally all linear and nonlinear 
terms are needed for the complete Reynolds stress closure. Using 8 different runs with 

different grid sizes from 1283 to 5123, and with Reynolds numbers from R=39 to 
198, the Reynolds number dependence of involved parameters has been checked.  
Finally, a periodic flow with non-sinusoidal forcing has been considered, with the 
choice of a Gaussian shape. It was found that the shear stress term is proportional to 
the mean velocity derivative, indicating that for such forcing also the eddy-viscosity 
does not depend on the position. The shape of the normal stresses in this case is non-
trivial and cannot be precisely fitted. A quadratic development of the constitutive 
equation can also be proposed for this flow1. 

a
UM-SJTU joint institute, ShangHai JiaoTong University, Shanghai, China

b
Laboratoire d’Océanologie et de Géosciences, CNRS, Université de Lille, ULCO, France 

c
Unité de Mécanique de Lille J. Boussinesq, Université de Lille, France 

1 Wu, Schmitt, Calzavarini and Wang, Phys. Fluids. 33, 125129 (2021).

Figure 1: (left) shear stresses and mean velocity derivative and (right) normal stresses. 
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Dynamical phase approach to symmetry reduction for recurrent flow 
analysis in two-dimensional Kolmogorov flow. 

E. Redferna, T. Yasudaa, D. Lucasa

Turbulent flow is often viewed as a trajectory wandering through a high dimensional 
phase-space, momentarily visiting the neighbourhood of unstable invariant solutions, e.g. 
unstable periodic orbits, travelling waves and equilibria. Periodic orbit theory allows for 
the prediction of statistical quantities of the flow1. Recurrent flow analysis2 finds invariant 
solutions, namely periodic orbits, by first locating near recurrent episodes of the state 
vector, often in the form of Fourier coefficients. Using a Newton-GMRES hookstep 
method, we attempt to converge these near recurrences to exactly periodic solutions of 
the governing equations. However, a near recurrence using this method is not a sufficient 
condition for convergence. Additionally, as the Reynolds number increases, solution 
instability tends to increase and converging solutions becomes more difficult. Here we will 

discuss how an appropriate set of phases in the form Φ1,2
3 = 𝜙𝒌1

+ 𝜙𝒌2
− 𝜙𝒌3

 arise from

the governing equations and offer a natural symmetry reduction. 𝜙𝒌𝑖
 are the individual

Fourier phases such that wavevectors satisfy the triad condition 𝒌1 + 𝒌2  =  𝒌3
3. We form a 

recurrence residual using dynamical phases, and real amplitudes, then attempt to find 
invariant solutions using this. We conjecture that this residual provides a more effective 
measure of near recurrence and will therefore pass better conditioned candidate solutions 
to the Newton method. In this talk we will discuss the effectiveness of a dynamical phase 
residual compared to the existing method and other symmetry reduction techniques4.  

Figure 1: Four unstable periodic orbits plotted over the p.d.f of a 60000 time unit direct 

numerical simulation of Re=40, n=4, Kolmogorov flow 

a
School of Computing and Mathematics, Keele University, UK 

1 Kawahara and Kida, J. Fluid Mech. 449, 291 (2001).
2 Chandler and Kerswell, J. Fluid Mech. 722, 554 (2013).
3 Bustamante et al. Phys. Rev. Lett. 133, 084502 (2014).
4 Budanur et al. Chaos 25, 073112 (2015).
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Automatic discovery of significant regions in isotropic turbulence 
by massive machine manipulation 

Miguel. P. Encinara, Javier Jiméneza 

Even if statistics of turbulent flow fields may be homogeneous, instantaneous 
snapshots of the flow are inhomogeneous at many scales. They exhibit regions where 
one or more observables of the flow, e.g. kinetic energy or enstrophy, are particularly 
intense and stay so for a substantial period of time. Turbulence researchers refer to 
these regions as coherent structures1, and they have been influential in the study of 
turbulence since their early observations2. Typically the relevance of some measurable 
quantity to the flow dynamics is inferred from the equations of motion (e.g. vorticity 
appears in the kinetic energy equation) and they are characterised by observing their 
distribution (following the example, intense vorticity is found to be organised in 
intense vortices that tend to cluster together3). 

In this work, we attempt to study regions of the flow relevant to its dynamics, 
reversing the classical procedure sketched above. We take an approach similar to the 
one proposed by Jiménez4,5, which seeks to discover significant features of the flow, 
while staying as free from human bias as possible. First, an initial condition is seeded 
with localised perturbations, and simulations are performed for each perturbed flow 
field, tracking the perturbation growth as a function of time. Because perturbations 
are local in space, the procedure classifies regions of the flow according to how much 
they grow when perturbed. The most ‘reactive’ regions are studied, showing that they 
tend to contain strong events, either strong vortices, strong velocity perturbations, or 
both. The typical configuration of regions of fast and slow perturbation growth at size 
60η is investigated, hinting that the flow in fast growing regions is more ‘complex’
than in slow growing ones. This observation is quantifyied by measuring the 
complexity of the flow using a box-counting algorithm6. Box-counting allows us to 
estimate the fractal dimension of the three-dimensional distribution of enstrophy, 
which is a measurement of complexity. The estimated fractal dimension for the fast 
and slow growing sets are D ≈ 1.4 and D ≈ 2.3, pointing to vortex clusters and vortex
layers, respectively. Our findings suggest that intense regions of vortex clusters are 
more sensitive to perturbations than the vorticity layers found in insignificant regions. 
This work is supported by the CausT grant ERC-AdG-101018287.  

a
School of Aeronautics, Universidad Politécnica de Madrid, 28040, Madrid, Spain 

1 S. K. Robinson. Ann. Rev. Fluid Mech., 23:601–639, 1991.
2 G. L. Brown and A. Roshko. J. Fluid Mech., 64:775–816, 7 1974.
3 J. Jiménez, et al. J. Fluid Mech., 255:65–90, 10 1993.
4 J. Jiménez. J. Fluid Mech., 854:R1, 2018.
5 J. Jiménez. J. Turbul., 21(9-10):544–566, 2020.
6 F. Moisy and J. Jiménez. J. Fluid Mech., 513:111–122, 2004.
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Lagrangian structure-function using stationarised fluid trajectories 
in the wake of a smooth cylinder 

Ali Rahimi Khojasteh a, Dominique Heitza, and Sylvain Laizet b 

We present here a statistical study to determine the Lagrangian structure function in 
the anisotropic and inhomogeneous wake behind a smooth cylinder. Based on the 
extension of the stationary Lagrangian diffusion theory to self-similar flows, we 
stationarise velocity components in order to obtain Lagrangian statistics. Viggiano et 
al. (2021)1 have shown how to obtain fundamental Lagrangian statistics from the 
anisotropic and inhomogeneous dynamics of a jet flow by normalizing the trajectories 
based on local Eulerian scales. In particular, computing the Lagrangian structure-
function scaling constant C0 is a crucial parameter in modelling turbulent transport. A 
similar role is played by the C0 constant in the Lagrangian framework as a 
Kolmogorov constant in the Eulerian framework. We performed direct numerical 
simulations (DNS) and time-resolved particle tracking velocimetry (4D-PTV) 
experimental analyses in the wake behind a smooth cylinder for Reynolds numbers 
between 300 to 3900. Details of the tracking algorithm used in the present study are 
addressed in Khojasteh et al. (2021)2. Preliminary results of the experiments indicated 
reasonable agreement between the stationarised Lagrangian trajectories of the wake 
flow and the hypothesis of Lagrangian self-similarity at inertial scales (see Fig. 1). 

a
INRAE, OPAALE, 35044 Rennes, France

b
Department of Aeronautics, Imperial College London, London, United Kingdom

1 Viggiano et al., J. Fluid Mech. 918, 25 (2021).
2 Khojasteh et al., Phys. Fluids 33, 095113 (2021).

Figure 1: Lagrangian second order structure function of the streamwise direction at four 

downstream locations. (a) As a function of non-dimensional timescale. (b) Re-dimensionalised 
structure function representing the C0 constant. 
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The evolution of coherent vortical structures in increasingly 
turbulent stratified shear layers 

Xianyang Jianga, Adrien Lefauvea, Stuart Dalziela, Paul Lindena 

Coherent flow structures — and especially vortical structures — exist across a 
wide spectrum of spatio-temporal scales and play an important role in the processes 
of turbulent bursting and mixing. One of the challenges in density-stratified 
turbulence is to establish the morphology of these flow structures and to understand 
their role in the intricate process of turbulent mixing. To tackle this problem, we 
analyse the three-dimensional, simultaneous velocity and density fields obtained in the 
stratified inclined duct (SID) experiment1,2.  

In the shear-driven flows of interest in this talk, we first employ the recent Rortex-
Shear decomposition of the vorticity field into a pure rigid rotational part (the rortex), 
and a pure shearing part (the shear), which allows us to extract meaningful turbulent 
vortical structures without contamination from the background shear. We then track 
the evolution of rortex structures structures from pre-turbulent Holmboe waves, 
through intermittent turbulence, to full turbulence. We describe statistically the 
morphology of ubiquitous hairpin-like vortical structures (revealed by the rortex) and 
discuss hypotheses for the origin of these structures.  

We then elucidate how these large-scale vortical structures interact with the density 
field, and cause localised breakups of the interface, bursting cycles and overturnings. 
The roles of hairpin heads and legs are made clear by examining the instantaneous 
rortex and density gradient morphologies from representative snapshots.  

Figure 1: Interaction between vortices (in red) and the density field (in grey and green). 

a
DAMTP, University of Cambridge, Wilberforce Road, Cambridge CB3 0WA, United Kingdom 

1 Lefauve et al., J. Fluid Mech. 875, 657 (2019)
2 Lefauve & Linden [Dataset] doi.org/10.17863/CAM.75370 (2022)
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Turbulence development in quasi-2D turbulent flows: 
Which Reynolds number? 

S. Shina, N. Conlinb and F. Colettia

Two-dimensional (2D) turbulence is relevant to geophysical flows in the atmosphere 
and the ocean, and displays dynamics features distinct from classic three-dimensional 
(3D) turbulence. In forced quasi-2D flows, the energy input is balanced not only by 
viscous dissipation within the fluid, but also by friction along the boundaries. Here we 
consider the classic experimental realization of quasi-2D turbulence in electro-
magnetically driven layers of conducting fluids, and we verify that in such systems 
friction dominates over viscous dissipation. In particular, we demonstrate that the 
emergence of fully developed turbulence is governed by the frictional Reynolds 
number, Reα = urms/(αLf), rather than by the commonly used viscous counterpart, Re
= urmsLf/ν (where urms is the fluctuating velocity, Lf the forcing scale, α the Rayleigh
friction coefficient, and ν the kinematic viscosity). This is shown in 58 cases, from 
different forcing of five layer configurations in two apparatuses, covering the widest 
range of Re and Reα reported to date. We find a configuration-independent threshold 
Reα ≈ 5 for the turbulence to be fully developed. This is based on: the fraction of 
energy input converted to fluctuating energy; the Eulerian integral scale of the flow; 
the inverse cascade of energy; the Gaussianity of the velocity fluctuations and velocity 
differences; the single-particle diffusivity; and the emergence of Richardson's regime 
of pair-dispersion. The present findings have implications for the interpretation of 
quasi-2D flow studies in typical laboratory setups (whose dimensions are comparable 
to the current study) to geophysical flows where the Reynolds numbers are orders of 
magnitude larger. 

a
Dep. Mechanical and Process Engineering, ETH Zurich, Switzerland

b
Dep. Mechanical and Aerospace Engineering, Princeton University, USA 

Figure 1: (a) Mean square displacement in quasi-2D turbulence at different Re (indicated by 

the colour bar). Dash-dot and dashed lines show ballistic and diffusive scaling, respectively. 
The slope in the diffusive regime is used to obtain the diffusivity K, plotted versus (b) Re and 
(c) Reα. The black solid line indicates an exponential best fit, implying a configuration-
independent threshold for fully developed turbulence at Reα ≈ 5.
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Mean flow and patterns in transitional shear flows

S. Goméa, L. S. Tuckermana, D. Barkleyb

The transition to turbulence in plane shear flows is characterized by coexisiting 
turbulent and laminar zones1,2,3. Unlike in the case of pipe flow, they appear in the 
form of regular patterns, oblique in the streamwise-spanwise plane. The mechanism 
explaining how these statistically steady structures arise from uniform turbulence is 
still unclear: is it due to a random nucleation of laminar gaps; or to a long-wavelength 
instability of the uniform turbulent flow? We address this question by studying the 
impact of the large-scale flow along these turbulent bands, as seen on Fig. 1a in plane 
Couette flow (PCF). We therefore introduce a Modified Plane Couette flow (Fig. 1b), 
in which the large-scale spanwise velocity is suppressed, while still allowing 
modulations of the streamwise velocity, necessary for the existence of bands. 

a PMMH (CNRS, ESPCI Paris, PSL, Sorbonne Univ.), Paris, France
b Mathematics Institute, University of Warwick, Coventry CV4 7AL, UK
1 Prigent et al., Physica D, 174, 100 (2003)
2 Barkley & Tuckerman,  J. Fluid Mech, 576, 109 (2007)
3 Duguet et al., J. Fluid Mech, 650, 119 (2010) 

Figure 1: (a) PCF and (b) Modified PCF at Re=330. Colors show cross-flow velocity at y=0, arrows show 
large-scale in-plane velocity. (c,d) Spatio-temporal diagrams of (c) PCF and (d) Modified PCF at Re=380 
via cross-flow velocity. 

Fig. 1d shows that in the absence of large-scale spanwise flow, laminar gaps appear at random locations 
in space and time (like the puffs in pipe flow). This suggests that the regular patterned appearance of gaps 
is related to large-scale spanwise flow but not essential to the evolution of bands in PCF. 
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Exploring Fluctuation-Induced Forces in Homogeneous Isotropic 
Turbulence 

Rodolfo Ostilla-Mónicoa, Daniel Putta 

Understanding force generation in nonequilibrium systems is a notable 

challenge in statistical physics. We uncover a fluctuation-induced force between two 

plates immersed in homogeneous isotropic turbulence using direct numerical 

simulations. The force is a nonmonotonic function of plate separation. The 

mechanism of force generation reveals an intriguing analogy with fluctuation-induced 

forces: In a fluid, energy and vorticity are localized in regions of defined length scales. 

When varying the distance between the plates, we exclude energy structures modifying 

the overall pressure on the plates. At intermediate plate distances, the intense vorticity 

structures (worms) are forced to interact in close vicinity between the plates. This 

interaction affects the pressure and forces between the plates. The combination of 

these two effects causes a nonmonotonic attractive force with a complex Reynolds 

number dependence. We show that this force remains present when using various 

plate shapes and sizes with slightly modified characteristics. Our study sheds light on 

how length scale–dependent distributions of energy and high-intensity vortex 

structures determine Casimir forces. 

a Dept. of Mechanical Engineering, University of Houston, Houston, TX 
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Development of local turbulent eddy viscometry 

A. Takanoa, K. Ohiea, Y. Horimotoa, Y. Tasakaa and Y. Muraia

We propose a novel turbulent eddy viscometry to quantitatively evaluate the 
influence of interactions between turbulent eddies and dispersions/impurities as 
effective eddy viscosity in Taylor-Couette geometry for frictional drag reduction 
studies1,2. This method was inspired by the ultrasonic spinning rheometry3 which 
evaluates rheological properties by substituting experimentally obtained velocity 
information into the equation of motion. Process to evaluate the effective eddy 
viscosity is summarized in Fig. 1. The eddy viscosity is calculated using a model 

derived from Reynolds Averaged Navier-Stokes (RANS) equation. By modeling 
Reynolds shear stress using the concept of the eddy viscosity, only the spatial 
distribution of eddy viscosity remains to estimate from the mean velocity distribution. 
We can extract the contributions of eddies with different time and spatial scales 
depending on the definition of the averaging operation, since mean velocity profiles 
include the information of momentum transfer by eddies which have the specific 
averaging time and spatial scale. For example, if we consider mean velocity in r-z cross
section averaged in vertical and temporal directions in Taylor vortex flow (TVF), we 
can separate the measured velocity into Couette-like mean velocity profile and 
fluctuation component caused by Taylor vortices. We therefore can calculate the eddy 
viscosity as the contribution of Taylor vortices. In this presentation, we will explain the 
detailed theoretical background and an application for multi-phase flow. 

a
Laboratory for Flow Control, Faculty of Engineering, Hokkaido University, Sapporo, Japan 

1 Murai, Exp. Fluid 55, 28 (2014).
2 Li et al., Int. J. Heat Mass Transf., 51,835 (2008).
3 Tasaka et al., Exp. Fluid 56, 1 (2015).
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Figure 1: Schematic of evaluation method of turbulent eddy viscosity in the case of 

averaging in vertical and temporal direction in TVF: velocity distribution is measured 
within a vortex pair in r-z cross section.
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Evidence that turbulent superstructures are concatenations of 
smaller self-similar eddies 

Rahul Deshpandea, Charitha M. de Silvab, Ivan Marusica 

Turbulent very-large-scale motions or superstructures1 are streamwise elongated, high 
energy-containing coherent structures which play a key role in the flow dynamics of 
high Reynolds number wall-bounded flows. Previous studies have found these very long 
structures to be formed through the streamwise concatenation of smaller hairpin-type 
structures2,3,4, based on investigations predominantly at low friction Reynolds numbers, 

𝑅𝑒𝜏  ≲ 𝑂(103). The smaller separation of scales in these studies, however, has
prohibited the clear association of these smaller motions with either the viscosity-
dominated or inertia-dominated motions.  
The present study investigates the geometric characteristics of these relatively small 
hairpin-type structures concatenating to form the superstructures in a high Reynolds 

number (𝑅𝑒𝜏  ≳ 𝑂(103)) turbulent boundary layer (TBL), wherein these
superstructures are also statistically more significant. This is made possible by 
performing conditional analysis on a unique large-scale PIV dataset acquired in the large 
Melbourne wind tunnel5, which captures instantaneous snapshots of coherent 
structures extending up to 15 times the boundary layer thickness along the streamwise 
direction. The analysis involves identifying and extracting portions of the full PIV flow 
field corresponding to the superstructures, based on their very long streamwise 
coherence and high energy content, following which conditional statistics for the 
streamwise (u) and wall-normal (w) velocity fluctuations are computed. The conditional 
streamwise energy spectra as well as vertical correlations computed for the extracted w-
fluctuations are found to depict distance-from-the-wall (i.e., self-similar) scaling, which 
is typically associated with Townsend’s attached eddy hierarchy co-existing in the 

inertial region of a high 𝑅𝑒𝜏 TBL. This analysis, which is first-of-its-kind reported for a 

sufficiently high 𝑅𝑒𝜏, suggests the turbulent superstructures are essentially streamwise 
concatenations of the geometrically self-similar attached eddy hierarchy, paving the way 
towards improving low-order conceptual modelling of these dynamically significant 
structures. 

a
Department of Mechanical Engineering, University of Melbourne, Parkville, Victoria 3010, Australia.

b
School of Mechanical and Manufacturing Engineering, University of New South Wales, Sydney, NSW 

2052, Australia. 

1 Hutchins and Marusic, J. Fluid Mech. 579, 1-28, (2007).
2 Kim and Adrian, Phys. Fluids. 11(2), 417-422 (1999).
3 Dennis and Nickels, J. Fluid Mech. 673, 218-244 (2011).
4 Lee and Sung, J. Fluid Mech. 673, 80-120 (2011).
5 de Silva et al., Proc. 7th Australian Conference on Laser Diagnostics in Fluids Mechanics and 
Combustion, Melbourne, Australia (2015). 
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Constrained Reversible system for Navier-Stokes Turbulence: 
evidence for Gallavotti’s equivalence conjecture 

Sergio Chibbaroa and Alice Jaccoda 

Following the Gallavotti’s conjecture, Stationary states of Navier-Stokes fluids are 
proposed to be described equivalently by alternative equations besides the NS equation 
itself. We propose a model system symmetric under time-reversal based on the Navier-
Stokes equations constrained to keep the Enstrophy constant. It is demonstrated 
through high-resolved numerical experiments that the reversible model evolves to a 
stationary state which reproduces quite accurately all statistical observables relevant for 
the physics of turbulence extracted by direct numerical simulations at different 
Reynolds numbers. The possibility of using reversible models to mimic turbulence 
dynamics is of practical importance for coarse-grained version of Navier-Stokes 
equations, as used in Large-eddy simulations. Furthermore, the reversible model 
appears mathematically simpler, since enstrophy is bounded to be constant for every 
Reynolds. Finally, the theoretically interest in the context of statistical mechanics is 
briefly discussed.  

__________________________ 

aUniversité Paris-Saclay, CNRS LISN 91400 Orsay France 

References 
1. Gallavotti, G., & Cohen, E. G. D. (1995). Dynamical ensembles in nonequilibrium statistical mechanics.

Physical review letters, 74(14), 2694.
2. Shukla, V., Dubrulle, B., Nazarenko, S., Krstulovic, G., & Thalabard, S. (2019). Phase transition in time-

reversible Navier-Stokes equations. Physical Review E, 100(4), 043104.
3. Biferale, L., Cencini, M., De Pietro, M., Gallavotti, G., & Lucarini, V. (2018). Equivalence of

nonequilibrium ensembles in turbulence models. Physical Review E, 98(1), 012202.
4. Jaccod, A., & Chibbaro, S. (2021). Constrained Reversible System for Navier-Stokes Turbulence.

Physical review letters, 127(19), 194501.

Fig1: Visualisation of the vorticity field for the NS (left panel) and RNS right panel. The 3D are 
obtained with the λ2 criterion. The snapshots are the vorticity field at a given time at the centre 

of the cube.  
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A 1D unsteady friction model based on the dynamics of 
accelerating and decelerating pipe flows 

B. Guerreroa, M. F. Lambertb and R. C. China

This work investigates and compares the flow dynamics that contribute to the transient 

mean wall shear stress 𝜏𝑤(𝑡) of non-periodic accelerating and decelerating turbulent 
pipe flows, using direct numerical simulation (DNS) data sets with a high 
spatiotemporal resolution between two fully turbulent states. The time response of 
different flow quantities, such as the root mean square of the wall shear stress 
fluctuations, the turbulence kinetic energy norm and the eddy viscosity norm, have 
been examined. The results reveal that accelerating and decelerating turbulent pipe 
flows exhibit a different time dependence, especially in their turbulence response. It 
is observed that decelerating flows respond earlier than accelerating flows; however, 
they also require more extensive periods than accelerating flows in which to relax 
towards their final turbulent state. An alternative FIK identity1 suitable for unsteady 
flows2 was utilised to determine the different dynamics involved within the transient 

behaviour of 𝜏𝑤(𝑡). The results show that the mean wall shear stress results from 

the summation of three main components: laminar 𝜏𝑤
𝛿 (𝑡), turbulent 𝜏𝑤

𝑇 (𝑡) and 

unsteady 𝜏𝑤
𝑈(𝑡). Interestingly, it is noted that the unsteady term (𝜏𝑤

𝑈) agrees well with 
the predictions obtained using the frozen viscosity 1D model proposed by Vardy & 
Brown3 in both accelerating and decelerating flows. However, it is noted that the 
Vardy & Brown3 model does not account for the laminar and turbulent 

contributions. It is shown that laminar term (𝜏𝑤
𝛿 ) can be computed analytically 

without the need of any assumption. By taking advantage of the high definition of 

the DNS datasets, an empirical model to compute the turbulent contribution (𝜏𝑤
𝑇 ) 

has been obtained. As a result, a hybrid 1D unsteady friction model has been 
developed. This model takes into account the unsteady and turbulent forces acting 
on the transient wall shear stress and exhibits excellent agreement with the mean 
wall shear stress computed from the DNS data sets. 

a
School of Mechanical Engineering, University of Adelaide, Adelaide, South Australia 5005

b
School of Civil, Environmental and Mining Engineering, University of Adelaide, Adelaide, South 

Australia 5005 
1 

Fukagata et al., Phys. Fluids 14, L73-L76 (2002).
2 

Guerrero et al., J. Fluid. Mech. 917, A43 (2021).
3 

Vardy & Brown, J. Sound. Vib. 259, 1011-1036 (2003).
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Dynamics of turbulent structures in Couette-Poiseuille flow

B. Semin1, T. Liua, R. Godoy-Dianaa and J.E. Wesfreida

We carry out experiments in a plane Couette-Poiseuille channel of gap 2h. The
streaks and rolls are quantified respectively by the streamwise velocity fluctuation ux

and the spanwise velocity uz,  measured using particule image velocimetry (PIV). We
study the decay of turbulence using a 'quench' protocol, i.e. an abrupt decrease of the 
Reynolds number Re from a fully turbulent state to a laminar regime. 
  We show that the rolls decay faster than the streaks1. The streaks have two decay 
stages in the decay process. During the first stage of the decay, the remaining rolls 
slow down the decay of the streaks. This is consistent with the lift-up effect, i.e. the 
formation of streaks by linear advection of the rolls. 
 We also study the effect of the noise, which is the external disturbance generated 
by the belt driving cylinder, on the transient decay and the permanent regime. The 
decay dynamics is independent of the noise level. The noise shifts the apparent critical 
onset of transition. We use the susceptibility of  uz in the permanent regime to
quantify the noise intensity.  

1
Laboratoire PMMH, CNRS, ESPCI, Sorbonne Université, Université Paris Cité, 7 quai saint-

Bernard, 75005 Paris, France
1 Liu et al, J. Fluid Mech. 915, A65 (2021). 
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Energy transfer between large-scale coherent structures and the 
incoherent part of the flow in turbulent pipe flow 

A. Shahirpour a and J. Sesterhenn a

Large-scale coherent structures are known to dominate the nature of wall-bounded 
turbulent flows and have major contributions to transport properties. One of the key 
aspects which contributes to a deeper understanding of dynamics of such structures, is 
their regeneration mechanism. While there are studies arguing that they feed on their 
interactions with the near-wall small-scale structures (Toh & Itano 2005), there are also 
studies that consider them as self-sustained structures (del Alamo & Jimenez 2006). In 
this study we investigate the energy transfer between different length-scales in turbulent 
pipe flow in order to establish a measure for how sustainable each structure is and on 
which length-scales it feeds on. 
In order to analyse the physical properties of the structures in the absence of smaller 
scale structures and instabilities, data driven methods are potential candidates. Since 
interaction between the modes are to be studied, the implemented decomposition 
should not impose orthogonality in subspaces where the modes are detected. Given the 
transport dominated nature of structures, standard decomposition methods such as 
Dynamic Mode Decomposition (DMD) will fail to reconstruct a reduced-order model 
of the flow with a minimal number of modes. The same fact will lead to inaccurate 
estimation of decay rates and frequencies for such motions. 
To overcome the mentioned obstacle, we have developed a Characteristic Dynamic 
Mode Decomposition (CDMD) and have addressed how the subspaces can be 
identified to capture transport dominated structures (Sesterhenn & Shahirpour 20191). 
Hereby, a temporal sequence of state vectors from DNS or time-resolved 
measurements, are transformed such that persistent dynamical modes are found on a 
hypersurface traveling along its normal in space and time on a moving frame of 
reference. Reconstruction of the candidate modes along the normal to the hypersurface 
and transforming them back to physical space gives the low rank model of the flow 
(Fig. 01). Once the coherent and incoherent parts of the flow are extracted, the energy 
transfer between all groups of structures will be determined. 

a
Chair of Technical Mechanics and Fluid Mechanics, University of Bayreuth, Bavaria, Germany 

1 Sesterhenn and Shahirpour, J. Theoretical and Computational Fluid Dynamics. 33, 281-305, (2019).

Figure 1: Reconstruction of 4 CDMD modes extracted from 200 convective time steps. (Iso-

surfaces of streamwise velocity fluctuations 𝑢′ = ±0.1 𝑢𝑏). Direct numerical simulations are

performed at 3103 < Reb < 25103 using a hybrid parallel DNS code (Lopez et al. 2019).  
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Localized turbulence in the symmetry-restricted pipe flow 

N. B. Budanur a 

Transition to turbulence in shear flows with linearly stable laminar states has puzzled 
researchers since Reynolds’ pipe flow experiments. Recent works1-3 established 
nonequilibrium statistical physics as the appropriate framework for tackling this 
problem. In this description, turbulence arises through spatiotemporal intermittency 
of spatially localized fluctuations that proliferate or decay at rates that vary with the 
Reynolds number. As the Reynolds number is increased, the rate of proliferation 
exceeds that of decay, at which point turbulence is sustained in the thermodynamic 
limit with a critical behaviour falling into the universality class of directed percolation. 
While the large-scale aspects of this transition are well understood and supported by 
experiments, how this phenomenology is rooted in the Navier-Stokes equations that 
govern the dynamics is an active area of research. As a tool for simplifying this 
problem, we propose the simulations of Navier-Stokes equations under symmetry 
constraints which effectively restrict the set of motions that can be observed in the 
system. Specifically, we demonstrate that essentially all phenomenology of the spatially 
localized turbulence in pipe flow can be observed in a computational domain that is 
symmetric under the azimuthal reflection, thus suggesting that the motions that break 
this symmetry are not crucial for the transitional turbulence in this system.  

a
Max Planck Institute for the Physics of Complex Systems, Nöthnitzer Str. 38, 01187 Dresden, 

Germany
1 Avila et al., Science 333, 192 (2011).
2 Lemoult et al., Nature Phys. 12, 254 (2016).
3 Klotz et al., Phys. Rev. Lett. 128, 014502 (2022).

Figure 1: Space-time diagram illustrating a puff splitting event in the symmetry-
restricted pipe flow. Blue (red) shows the regions where the kinetic energy of the axial 
(transverse) velocity fluctuations is above 50% (20%) of its instantaneous maxima 
along the pipe axis.  
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Model for turbulent bands in plane Couette flow 

D. Barkleya

Approximately 20 years ago Prigent and Dauchot1 first observed experimentally a 
fascinating phenomenon associated with the onset of turbulence in plane Couette 
flow -- the periodic alternation of turbulent and laminar flow in striped patterns 
oriented obliquely to the streamwise direction. While turbulent-laminar coexistence 
had been previous known, the occurrence of regular turbulent bands was, and still is a 
remarkable discovery. Since then, the phenomenon has been reproduced and studied 
both experimentally and numerically2.  

Here this phenomenon is studied with a simplified model. The model is not a fully 
two-dimensional model and hence does not capture or explain the band angle. The
model does, however, incorporate the correct symmetries and captures very well the 
regular periodic occurrence of bands. This is seen in Figure 1 where a comparison is 
shown between a direct numerical simulation of plane Couette flow in a tilted domain 
and simulations from the model. The model and its implications are discussed. See 
also the talk by Gomé et al.

a
Mathematics Institute, University of Warwick, Coventry, CV4 7AL 

1 Prigent A., Dauchot O. IUTAM Symposium on Laminar-Turbulent Transition and Finite Amplitude 
Solutions. Fluid Mechanics and its Applications, 77 (2005).

2 Tuckerman L., Chantry M., Barkley D., Annu. Rev. Fluid Mech. 52, 343 (2020).
3 Shi L., Avila M., Hof B., Phys. Rev. Lett. 110, 204502 (2013).

Figure 1: Formation of regular turbulent-laminar bands from a single localized patch of 
turbulence. The left panel shows DNS from Shi, et al.,3 while the right panel shows model
simulations.  
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Effect of difference in water densities on mixing of merging rivers 

T. P. Lyubimovaa, A. P. Lepikhinb, Ya. N. Parshakovaa, S. Lanec, 
C. Gualtierid, B. Roux e

This work is devoted to the investigation of the mixing mechanisms of the of 
merging rivers. The study is performed for the Kama and Vishera rivers of the 
Perm Territory (Russia). A characteristic feature of these rivers is that in different 
seasons the difference in densities of their waters differs substantially due to the 
difference in their mineralizations (the contents of the suspended sediments). In 
the first part of work, the mechanism of the weakening of the transverse mixing of 
merging rivers in the case of close densities is discussed. It is shown that the 
weakening of mixing can be associated with the formation of secondary Prandtl 
vortices of the second kind in the cross section of the channel. In the second part 
of the work, the case of large difference in water densities of merging rivers is 
considered. This situation is observed in the autumn-winter period, when the flow 
rate in the Kama River decreases to 75 m3/s and in the Vishera River to 135 m3/s 
and the difference in water mineralizations reaches 400 mg/l. The Richardson 
number Ri and the density Froude number Fr are used as integral criteria for the 
density inhomogeneity of water masses. At a significant difference in densities, 
when Ri>1, the layered structures can form downstream from the confluence 
zone, which significantly affects the hydrochemical regimes of rivers. The study of 
the confluence of the considered watercourses was carried out in a 3D formulation 
within the framework of a unsteady isothermal approach. The Reynolds stress 
model was used to describe turbulent pulsations. The performed computational 
experiments have shown that a decrease in the density Froude number to Fr~1 
and, accordingly, an increase in the Richardson number to Ri~1 fundamentally 
changes the nature of the mixing of the water masses of the merging rivers. In this 
case, denser waters begin to flow under less dense waters, forming a fairly stable 
interface between water masses. The obtained numerical results are in a good 
agreement with the field observations carried out on a specially equipped 
experimental site. 

The study was supported by the Government of Perm Territory in the framework 
of Program for the support of International Research Groups. 
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Transition to turbulence in the magnetic Rayleigh-Taylor 
instability 

Antoine Briarda, Florian Nguyena and Benoît-Joseph Gréaa 

When a heavy fluid is placed on top of a lighter one in a downward gravity field, any 
perturbation of the miscible interface that overcomes viscous dissipation will grow 
and eventually yield a turbulent mixing zone: this is known as the Rayleigh-Taylor 
instability1. If in addition the fluids are conducting, like in a turbulent plasma, a mean 
magnetic field can drastically alter the early dynamics1 and later the fully turbulent 
state2. This configuration has multiple astrophysical applications, notably expanding 
young supernova remnants, accretion onto magnetized stars, and emergence of 
magnetic fluxes from the photosphere3. 

With the help of highly resolved numerical simulations with 40963 grid points, we 
study the effects of a mean magnetic field perpendicular to the interface on the 
development of the mixing zone, in terms of mixing and scale by scale anisotropy. We 
evidence a transition to turbulence, from the early dynamics - where elongated smooth 
fingers grow without mixing due to the absence of small-scale shear instabilities - to a 
fully turbulent state, enhanced with respect to the non-magnetic case. Simple inviscid 
linear stability analysis shows that transition to turbulence occurs when the turbulent 
vertical velocity of ascending structures exceeds the large-scale Alfvén velocity. 
Vertical slices of the turbulent concentration field are presented in Figure 1, revealing 
much more elongated structures in the presence of a mean magnetic field. 

Figure 1: Vertical slice of the concentration field C in the magnetic Rayleigh-Taylor 
instability: red is heavy fluid (C=1), blue is light (C=0), and black is fully mixed 

(C=0.5). Left: with a vertical mean magnetic field. Right: without mean magnetic field. 

a
CEA, DAM, DIF, 91297, Arpajon, France 

1 Chandrasekhar, Hydrodynamic and Hydrodynamic Stability, Oxford University Press (1961). 
2 Jun et al., The Astrophysical Journal 453, 332-349 (1995).
3 Hillier, Rev. Mod. Plasma Phys. 2, 1-47 (2018).
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Tomo-PIV study of turbulence in a rapid contraction 

Abdullah A. Alharethab, Kenneth R. Langleya, Vivek 
Mugundhana,   Nathan B. Speirsa and S. T. Thoroddsena

Following the study of Mugundhan et al.1, we use Shake-The-Box PTV measurements to 

examine 3-D vortical features in turbulent flow through a more rapid 4:1 contraction. The 

flow facility is shown in Figure (1). It is a constant-head vertical water tunnel, with active grid to 

achieve turbulent Reynolds numbers Reλ≈220. The grid flaps are rotated in either synchronous 

or random mode.  Three different 4:1 1-D contractions with greatly different streamwise 

lengths are tested. Furthermore, we tested a 2-D contraction with an extreme contraction 

ratio of 4:1 in each direction for a 16:1 overall contraction ratio. Most previous studies in 

similar configurations have used hot-wires for point-wise time-series, while we obtain 50,000 

time-resolved volumetric velocity and vorticity fields tracking up to 100,000 particles. This 

enables us to compare the development of the rms fluctuations to previous observations, as 

well as examine the alignment and amplification of coherent vortical structures reacting to 

the strong extensional strain of these contractions. Individual vorticity structures are also 

monitored to see how they stretch/compress and change orientation over time. Figure (2) 

depicts a typical vorticity field on the centerline of a contraction. 

aDivision of Physical Sciences and Engineering, King Abdullah University of Science and

Technology (KAUST), Thuwal, 23955-6900, Saudi Arabia 
bCenter of Excellence for Aeronautics and Astronautics (CEAA), King Abdulaziz City for

Science and Technology (KACST), Riyadh 12354, Saudi Arabia 
1Mugundhan et al.,”The alignment of vortical structures in turbulent flow through a contraction”,

J. Fluid Mech. 884, A5 (2020).

(1) 

Figure 1: (1) Flow facility used to study turbulent flow through a rapid contraction. (2) Typical 

plane of vorticity at contraction centerline, with converging walls at 10◦.
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Viscous time-scale dynamics of Taylor rolls 

D. Feldmannaband M. Avilaa

Turbulent flows exhibit wide ranges of scales in space and time. The dynamics of the 
small scales is well understood, but less is known about the mechanisms that govern 
the dynamics of large-scale coherent structures in the flow field. We perform direct 
numerical simulations (DNS) of axisymmetric Taylor-Couette flow and show that 
beyond a critical domain length (Г = Lz/d), the largest coherent structures (turbulent 
Taylor rolls) undergo collective, erratic drifts in the axial direction (z), which change 
on the viscous time scale (d2/ν). We compare the drift dynamics to analogous motions 
in Rayleigh-Bènard convection as well as boundary layer and Poiseuille flow and argue 
that viscous processes govern the lateral displacement of superstructures in wall-
bounded turbulent flows. 

a
Universität Bremen, ZARM, Am Fallturm 2, 28359 Bremen, Germany.

Figure 1: Spatio-temporal dynamics of Taylor rolls depending on the domain size (Г). Shown 
are colour contours of the radial velocity (ur) in a mid-gap position between the cylinders 
extracted from direct numerical simulations at ReS = 9475, RΩ = 0.14 and η = 0.99. Note, that 
here only the first two of at least 22 viscous time units (d2/ν) are plotted for clarity; but the 
shown dynamical behaviour does not change until the end of the simulations. Arrows 
represent 1000 convective time units (d/U) as a reference. 

893



Resolvent Mode Shapes of the Reynolds Stress Tensor 

G. Cuia, I. Jacobia

An input-output linear-response framework is used to predict the dominant mode 
shapes of the instantaneous Reynolds stress components for a turbulent channel flow. 
Linear response analysis, or resolvent analysis, has been widely adopted for the 
prediction of large-scale, coherent motions in turbulent flows1. The resolvent 
approach utilizes empirical mean velocity information to predict the spatio-temporal 
fluctuating velocity modes which are most amplified by the linearized dynamics for a 
given flow field. However, recently, questions have been raised about the effect of 
including mean Reynolds stress models as part of the linearized dynamics2 and about 
the relationship between large-scale velocity modes and the modes associated with the 
Reynolds stresses themselves. To examine the modal structure of the Reynolds stress 
components, we construct a resolvent operator for the linearized dynamics of the 
Reynolds stress tensor and calculate the most-amplified stress modes (as shown in 
figure 1). The spatio-temporal stress modes depend explicitly on the empirical mean 
stress profiles. The relationship between these modes and the modes of individual 
velocity components is examined and compared to that predicted previously by 
simplified analytical models3 to establish the wavenumber/frequency dependence of 
the stress/velocity modal interactions. In addition, the modes predicted from the 
Reynolds stress dynamics are compared to the mode shapes obtained by ensemble 
averaging of isolated velocity modes predicted by the linearized mean dynamics. The 
prediction of Reynolds stress modes has implications for the construction of 
sophisticated eddy-viscosity models for use in resolvent-based flow prediction 
techniques. 

Figure 1: Resolvent mode shapes for the streamwise velocity (u: blue) and streamwise 

Reynolds normal stress (Ruu
: red) across the half channel height, h, at Reτ = 2000 

a Faculty of Aerospace Engineering, Technion Israel Institute of Technology, Haifa 32000 
1 McKeon and Sharma, J. Fluid Mech., 658, 336 (2010)
2 Moarref et. al., J. Fluid Mech. 867, 969 (2019)
3 Jacobi et. al. J. Fluid Mech. 914 A7 (2021) 
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Scale-space budget equations for inhomogeneous (quasi-)periodic 
turbulent flows

F. Gatterea, A. Chiarinia, E. Gallorinia and M. Quadrioa

Turbulent flows with periodic or quasi-periodic features are often encountered in fluid 
mechanics. Such coherent motions due to either an external periodic forcing or to some 
instability mechanism (e.g. the wake after a bluff body) interact with the stochastic 
turbulent fluctuations and affect their organisation.  
 To describe this interaction, this work derives the exact budget equations for the 
coherent and stochastic contributions to the second-order structure function tensor, 
extending the Anisotropic Generalised Kolmogorov Equations1 (AGKE) with a triple 
decomposition of the velocity and pressure fields. While the original AGKE describe 
production, transport, redistribution and dissipation of the Reynolds stresses in the 
combined space of scales and positions, the new equations, named phi-AGKE, 
additionally feature the phase-by-phase interplay among the mean, coherent and 
stochastic fields. 
 The phi-AGKE are demonstrated by applying them to a turbulent channel flow 
forced by periodic spanwise wall oscillation2. The phase-by-phase action of the spanwise 
Stokes layer induced by the wall oscillation on the near-wall turbulent structures is 
brought to light, and the scale-space interaction between the mean, coherent and 
stochastic fields is described. 

a
 Dep. Aerospace Sciences and Technologies, Politecnico di Milano, Italy

1 Gatti et al.,  J. Fluid Mech. 898, A5 (2020). 
2 Jung et al., Phys. Fluids A. 4(8), 1605 (1992). 

Figure 1: Mean production that feeds the stochastic field (left), and coherent production that 
feeds/drains the stochastic field (right); in both panels, production is drawn as a function of the 
distance from the wall (Y+) and the spanwise scale (rz

+), for a given phase of the wall oscillation.
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Multi-particle Lagrangian statistics in homogeneous rotating 
turbulence

J. I. Polancoa and A. Nasoa

Rotation is an important feature of many geophysical and industrial flows. It can 
strongly modify the structure of turbulent flows and result in spatial anisotropy – as 
best illustrated by the formation of vortex columns aligned with the rotation axis. As a 
result, rotation is expected to sensibly affect the properties of Lagrangian relative 
dispersion in turbulence. 
 Here, we consider the relative dispersion and geometry of clusters of 2, 3 and 4 
Lagrangian particles (pairs, triads and tetrads1, respectively) in homogeneous rotating 
turbulence, using direct numerical simulations at different rotation rates. First, we find 
that the relative dispersion of Lagrangian pairs is highly anisotropic under strong 
rotation, and more particularly favours relative dispersion along the rotation axis. At 
short times following their release, when particle separation is in the ballistic regime, 
we link this to the signature of anisotropy on second-order Eulerian structure 
functions. At long times, and according to Taylor’s predictions, this is explained by a 
slower decorrelation of the rotation-aligned velocity  component along Lagrangian 
trajectories. 
 Equivalently to pairs, the gyration radius of triads and tetrads displays an initial 
ballistic growth, followed by an intermediate regime of explosive separation, and 
asymptotically leading to the diffusive regime predicted by Taylor for single-particle 
dispersion. The shape of these clusters is also modified by rotation, which increases 
on average the flattening of triads and tetrads already observed in isotropic 
turbulence2. The maximal dimension of the clusters is also preferentially oriented in 
the direction parallel to the rotation axis. 
 To our knowledge, these results are the most detailed characterisation of 
Lagrangian relative dispersion and geometry in rotating turbulence. They constitute a 
first step towards a description of the Lagrangian geometry of geophysical flows, in 
which the roles of density stratification and confinement are also expected to play an 
important role3. 

a
Univ Lyon, CNRS, École Centrale de Lyon, INSA Lyon, Univ Claude Bernard Lyon 1, Laboratoire 

de Mécanique des Fluides et d’Acoustique, UMR 5509, 69130 Écully, France
1
 Pumir et al., Phys. Rev. Lett. 25, 5324 (2000)

2
Hackl et al., Phys. Fluids 23, 065103 (2011)

3
Buaria et al., Phys. Rev. Fluids 5, 064801 (2020)
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Large-scale motions in a baffled von Kármán tank 

P. Baja

Large-scale motions (LSMs) are recognized in a variety of turbulent flows, e.g. 
boundary layer flows, Taylor-Couette flows. Recent studies on a baffled von Kármán 
flow (VK flow, i.e. a flow within a baffled cylinder closed at both ends with counter-
rotating impellers that drive the flow) revealed the appearance of such a structure in 
its central region. Since a baffled VK flow can be seen as a model flow for flows 
within industrial stirred vessels, it is of significant importance to investigate this 
phenomenon thoroughly. 

The present work provides a characterisation of an LSM within the baffled VK 
flow based on experimental data. Particle Image Velocimetry (PIV) measurements 
were executed in two rigs, the Gottingen Turbulence Facility #3 (GTF) and  Warsaw 
University of Technology VK Facility (WUT VK, fig. 1a), both having a similar design 
(radius R=250mm, height H=580mm) and at similar Reynolds numbers Re=2×104. 

The velocity field measured in the proximity of the tank centre exhibits a clear 
peak in its power spectral density (PSD) function. It is located at a relatively low 
frequency of 0.1fimp, where fimp is the stirring frequency (fig. 1b). Proper Orthogonal 
Decomposition (POD) allows extraction of the associated mode of motion. The first 
two POD modes can be directly linked to the spectral peak. Their energy share is 
roughly equal and cumulatively accounts for more than 65% of the total velocity 
fluctuations energy in the vicinity of the tank centre (fig. 1c). The topology of the first 
POD mode can be described as a radially-oriented velocity field whose amplitude 
decays parabolically as moving away from the tank’s centre (fig. 1d).  The second 
mode is similar, except it is rotated by 90˚ about the tank axis. The characteristic 
length of the structure is as large as 0.4R, thus it can be described as an LSM 
phenomenon. Further insight into the nature of the structure is gained through the 
consideration of its associated evolution equations.  

a
Faculty of Power and Aeronautical Engineering, WUT, Nowowiejska 24, 00-665 Warsaw, Poland 

Figure 1: (a) WUT VK Facility. (b) PSD of the radial velocity component measured in the 

tank centre. (c) Energy contribution from initial POD modes. (d) Topology of the first POD 
mode (contours of the mode amplitude normalised with velocity fluctuations r.m.s. value).  
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Alignment of elongated swimmers in turbulent flows. 

Matteo Borgninoa, Filippo De Lillob, Guido Boffettab, Kristian 
Gustavssonc, Bernhard Mehligc, Massimo Cencinid

Many phytoplankters are able to swim, and are thus not passively transported by the 
flow. Although usually weak, ocean turbulence can affect the motion of one-celled 
organisms in nontrivial ways. It is known that an ellipsoidal body can be caused to 
rotate by the fluid gradients, depending on its aspect ratio.  On the other hand, 
directed swimming (e.g. following chemical or physiscal cues, in any form of taxis) can 
play an important role in determining the fitness of an individual, whether for finding 
food, light or escaping from predators.  
By means of theoretical and numerical investigation [1,2], we show how a 
microswimmer's orientation can be influensed by different scales of the flow and in 
what condition relevant correlation with the orientation of the flow can be expected. 

a
Department of Earth and Environmental Sciences, University of Milan-Bicocca, Milan, Italy 

b Dipartimento di Fisica, Università di Torino, 10125 Torino, Italy 
c Department of Physics, Gothenburg University, Gothenburg, Sweden  
d Istituto dei Sistemi Complessi, CNR, 00185 Roma, Italy 

1 Borgnino et al., Phys. Rev. Lett. 123, 138003 (2019)
2 Borgnino et al. (2022, in preparation). 
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A stochastic model on the wake meandering of an axisymmetric 
bluff body 

S. S. Dinga, 2nd G. Rigasa and 3rd O. R. H. Buxtona 

Wake meandering, that is the position of the centre of the turbulent wake varying in 
a seemingly random way takes place in the flow past a wind turbine. The wake of a 
wind-turbine nacelle has been observed to contribute to the meandering1. To study the 
near wake dynamics generated by the nacelle, we mounted an axisymmetric bullet-like 
bluff body (akin to a nacelle) with a diameter D normal to the wind speed in a wind 

tunnel with Reynolds number Re=1.8×106. Based on the streamwise velocity obtained 
by planar particle image velocimetry (PIV), we calculated the mean-square displacement 
(MSD) of the wake centre to quantify its dynamics. The MSD curves oscillate at the 
same frequency as the vortex shedding and level off in the long-time limit with the 
saturation value increasing along the streamwise direction. Applying the high- and low-
pass filters to the wake centre time series, we found that the variation of the wake centre 
is dominated by dynamics with frequencies lower than that of the vortex shedding for 
streamwise position x<1.5D, whereas high-frequency dynamics (including vortex 
shedding) prevail for 1.5D<x<2D. Based on the symmetry of the vortex shedding 
mode2, we propose a model to describe the wake centre dynamics which is governed by 
a linear, a cubic nonlinear and a stochastic term. The model collapses well onto the 
experimental data. The fitting parameters show that the strength of the stochastic term 
increases along streamwise direction and the nonlinear coefficient, which is dictated by 
the displacement thickness, decreases. 

a
Dep. Aeronautics, Imperial College London, Exhibition Road, London, UK 

1 Kang et al., J. Fluid Mech. 744, 375 (2014).
2 Meliga et al., J. Fluid Mech. 633, 159 (2009).

Figure 1: The mean-square displacement of wake centre as a function time at different 

streamwise locations (a) in a linear plot, (b) in a log-log plot. The solid curves are fitting curves. 
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Navier-Stokes turbulence  
without spatially non-local interactions 

R. Arakia,b, W. J. T. Bosa and S. Gotob

Turbulent flow is sustained by nonlinear interactions. A recent study reveals the scale-
local nature of turbulence by the vortex stretching between adjacent scales1 . We focus 
on the related issue of space-locality by considering the "local Navier-Stokes (NS) 
equations", defined in the vorticity framework, 

∂t ω = −uL ∙ ∇ω + ω ∙ ∇uL + ν∇2ω + ∇× f. 
The local velocity is evaluated by the Biot-Savart law2,3, 

ui
L(x) = 1/4π ∫r≤R εijk ωj(x') rk/r

3 d3 x',      r ≡ |x − x'|. 
Equation (1) describes the vorticity evolution with the velocity determined by the 

neighbourhood vorticity in the sphere of radius R. We numerically solve (1) with several 

different forcing schemes and vary the space-locality parameter R to understand the 
space-locality of nonlinear interactions in the NS turbulence. We will address both the 
statistical and the dynamical properties  of the model at the conference. 

a
LMFA, École Centrale de Lyon, 69130 Écully, France

b
Grd. Scl. of Eng. Sci., Osaka University, Osaka, 560-8531, Japan

1 Goto et al., Phys. Rev. Fluids 2, 064603 (2017). 
2 Hamlington et al., Phys. Rev. E 77, 026303 (2008). 
3 Buaria et al., Nat. Comm. 11, 5852 (2020). 

Figure 1: (left) Time-averaged energy spectrum of the full/local NS 
turbulence driven by the isotropic forcing. We observe no qualitative 

difference against the full NS for R ≥ 5 Lf, where Lf = 1/3 is the forcing length scale. (right) 
Evolution of energy of the full/local NS turbulence driven by the 3D Taylor-Green forcing. At 

R = 2 Lf = 0.5π (where Lf = 2-1/2), the flow attains a different statistically steady state from the 
full NS with different vortex structures (not shown). 
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Statistical investigation of vertical velocity and buoyancy in convective boundary layers 

V. Chávez-Medinaa, J.P. Melladob and M. Wilczekc

Convective boundary layers (CBLs) which occur, for example, in mid latitudes at midday conditions over land, 
are characterized by an interplay of turbulent convection and shear-driven turbulence1. Their complex structure 
calls for a statistical description with the goal of deriving predictive models. 

Here, we investigate turbulent vertical velocity and buoyancy fields in CBLs for varying atmospheric conditions 
using direct numerical simulations2 (DNS), see figure below. To gain insight into their statistical dynamics, we 
derive evolution equations for the probability density functions (PDFs) of vertical velocity and buoyancy. The 
PDF equations contain unclosed terms in the form of conditional averages. We estimate these terms from our 
DNS data and interpret them in terms of their physical meaning. Applying PDF methods thereby enables an 
investigation of the interplay between the various dynamical effects such as buoyancy, vertical pressure gradient, 
and viscous diffusion for the case of vertical velocity, as well as heat diffusion and vertical advection for the case 
of buoyancy.  

Using the method of characteristics, we furthermore investigate how these effects jointly determine the average 
evolution of a fluid element in CBLs, and how this relates to the evolution of the PDFs as a function of height. In 
particular, this analysis allows us to quantify the effects of shear and convection on the statistics of CBLs, paving 
the way towards a comprehensive statistical description of the flow.  

a Max Planck Institute for Dynamics and Self-Organization (MPIDS), Göttingen, Germany 
b University of Hamburg, Hamburg, Germany

c Theoretical Physics I, University of Bayreuth, Bayreuth, Germany
1 Wyngaard, Turbulence in the Atmosphere, Cambridge University Press (2010). 
2 Haghshenas and Mellado, J. Fluid Mech. 858, 145 (2019).

Figure 1: Visualization of (a) the buoyancy and (b) vertical velocity field of a CBL studied in this analysis. The height of 

the atmospheric boundary layer ℎ and the lower boundary of the well mixed layer (𝑧 = 0.1ℎ) are indicated by gray lines. 
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Scaling of inhomogeneous turbulence
Wouter J.T. Bosa & Ryo Arakia,b 

The scaling of the energy spectrum as proposed by Kolmogorov some 80 years ago is 
remarkably robust and is observed in a wide range of inhomogeneous and unsteady 
flows. A great amount of interest was recently given to variations of the normalized 
dissipation rate, which deviated from its equilibrium value even for flows in which a 
clear Kolmogorov spectrum is observed. 

The observations were explained analytically by showing that temporal fluctuations 
around a global average can be treated as a linear perturbation around a Kolmogorov 
equilibrium state1, leading to subdominant corrections to the equilibrium spectrum. 

In the present communication we show that inhomogeneity can be treated in a similar 
way. It is shown that weak inhomogeneity gives rise to subdominant corrections to 
the Kolmogorov spectrum. The exact shape of these corrections is determined by the 
behavior of the turbulent diffusion. For a rough description of the inhomogeneous 
diffusion, we use a spectral model by Besnard et al.2, yielding a correction to the 
energy spectrum, proportional to  k-7/3. 

The analytical results are validated by direct numerical simulations of turbulent 
Kolmogorov flow. It is shown that turbulent diffusion gives rise to variations of the 
normalized dissipation, which are an approximate power-law function of the Reynolds 
number. 

_________________
a CNRS – LMFA -Ecole Centrale de Lyon 69130 Écully, France 
b Grd. Scl. of Eng. Sci., Osaka University, Osaka, 560-8531, Japan 

1 Bos and Rubinstein. Phys. Rev. Fluids, 2, 022601 (2017).
2 Besnard, Harlow, Rauenzahn and Zemach, Theor. Comput. Fluid Dyn., 8,1,(1996) 
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The internal structure of forced fountains 

Jingzi Huanga, 2nd Henry C. Burridgea and 3rd Maarten van Reeuwijka 

We use direct numerical simulation to investigate the internal structure of time-
averaged turbulent fountains and mixing process between the internal structure. We 

firstly separate the fountain from environment by an outer boundary 𝑟𝑓 defined by a 

buoyancy threshold, and divide the fountain region into an upflow and a downflow by 

an inner boundary 𝑟𝑖. Then, we add a separatrix from streamline as a boundary 𝑟𝑠 
which separates the fluid from the source and that from the environment. The 
separatrix divides the downflow into an inner part and an outer part. The final internal 
structure of fountain is shown Figure 1 with streamlines. 

Figure 1. Contour plot of normalized mean vertical velocity �̅�/𝑤0 for time-averaged fountain, 
(a) with streamlines, (b) with boundaries and internal structure.

The transfer of fluid between the internal structure determines the fountain height and 
mass. We study the transfer of volume, momentum and buoyancy across each 
boundary by analyzing the budgets of integral Reynolds equations. The results show 1. 
The transfers are bidirectional: e.g. the transfer of volume (usually referred as 
entrainment) at inner boundary is entrained from upflow to downflow in the lower 
heights but detrained above a certain height. 2. The momentum and buoyancy that 
transferred by turbulence (we refer as turbulent-turbulent transfer) are significant that 
should not be ignored. The turbulence transfers in a different manner from the mean 
flow. 3. Moreover, by its construction, there is only turbulent-turbulent transfer at the 
separatrix, which tends to transports momentum and buoyancy outside the fountain 
except near the top of fountain. 

a
Department of Civil and Environmental Engineering, Imperial College London, London SW7 2AZ, 

UK 
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Large scale fluctuations in hydrodynamics turbulence 
S. Perrard1,2, G. Prabhudesai2, F. Pétrélis2, S. Fauve2

Turbulent flows in three dimensions of space involve a direct cascade of energy 
from a large scale L0 to the much smaller Kolmogorov l  . In the limit of large Reynolds
number, the statistical properties of the inertial range 1<<k l0 << L0/l  have been well
studied, starting from the analytical predictions given by Kolmogorov in 1941, and 
much refined since then. However, the dynamics of large scales with k L0 < 1) have
been much less studied experimentally, in particular in the absence of global large scale 
forcing such as rotation or stratification. Several analytical predictions for the mean 
wavenumber energy spectrum E(k) at small wavenumber k have been proposed over
the years, in particular by Saffman with E(k)~k2[1] and by Batchelor with E(k)~k4[2]. 

Up to date, both the Saffman and 
Batchelor spectra lack direct experimental 
evidence.  

Figure 1: Sketch of the experimental set 
up. A tank of 15 x 15 x 15cm is forced with 
8 chiral helices, setting an integral length 
scale $l_0 \approx 6$~mm significantly 
smaller than the system size. 

We designed an experiment to study these large scale velocity fluctuations. Using 
8 chiral helices as forcing elements (see figure), we achieve a significant scale separation 
between the forcing scale and the experiment size allowing us to investigate the large 
scale statistics. We use index matching technique to obtain full optical access in the tank, 
in order to measure the velocity field in the bulk. Using an upgraded 3D scanning PIV 
technique, we measure the three dimensional two point velocity correlation function. 
We report the observation of the Saffman spectrum over a wide range of Reynolds 
numbers studied in the experiment. Our observation would imply a thermalization of 
the large scale fluctuations in a turbulent flow. These experimental results show that the 
large scale fluctuations may be described by equilibrium statistical mechanics, contrary 
to the direct cascade of energy.  

1 PMMH, ESPCI, PSL University, 10 quai Saint Bernard, Paris, France, EU
2 LPENS, Physics Department, ENS, PSL University, 24 rue Lhomond, Paris, France, EU
[1] G. K. Batchelor & I. Proudman, Phil. Trans. Royal Soc., (1956)
[2] P. G. Saffman, Journal of Fluid Mechanics (1967)
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On numerical evidence of anomalous energy dissipation 

Niklas Fehna, Martin Kronbichlerb, Peter Munchc and Wolfgang A. Walla 

Turbulent flows have long been suspected to dissipate kinetic energy in the inviscid 
limit,1 a phenomenon known as “anomalous energy dissipation”. Onsager conjectured 
that this phenomenon is related to singularities of the velocity field, i.e., a velocity field 
losing regularity does not necessarily conserve kinetic energy in the absence of 
viscosity.2 While energy cannot be dissipated in the absence of viscosity if the velocity 
is Hölder continuous with exponent >1/3, “anomalous” dissipation of energy might 
occur if the velocity is Hölder continuous with exponent ≤1/3. To date, Onsager’s 
conjecture has been proven mathematically.3 However, numerical evidence of 
anomalous dissipation is still outstanding.  

State-of-the-art discretization schemes for turbulent flows are traditionally 
designed to be kinetic-energy-conserving in the discrete case. The one-dimensional 
inviscid Burgers equation with formation of shock is a suitable example to internalize 
that such schemes are, however, not suitable to investigate the phenomenon of 
anomalous energy dissipation. By construction, they rule out the occurrence of 
anomalous dissipation. Since no energy can leave the system, energy-conserving 
numerical methods lead to an accumulation of energy in small scales, a phenomenon 
called “thermalization”. At the heart of the present contribution is the insight that 
schemes with purely numerical mechanisms of kinetic energy dissipation can indeed 
be a powerful tool to predict physical dissipation.

Out talk is based on an article by Fehn et al.4 published recently in the Journal of 
Fluid Mechanics. High-resolution numerical simulations have been conducted for the 
inviscid three-dimensional Taylor-Green vortex problem. The discretization scheme 
of the incompressible Navier-Stokes equations is based on a novel discontinuous 
Galerkin formulation with suitable inbuilt dissipation mechanism. The flow solver is 
realized in the open-source CFD software ExaDG.5,6 By monitoring the temporal
evolution of the kinetic energy and its dissipation rate, we show that our numerical 
results for three-dimensional inviscid turbulent flows exhibit a dissipative behaviour 
under mesh refinement, which is consistent with anomalous energy dissipation. Due 
to the relation between anomalous dissipation and finite-time Euler singularities, we 
elaborate whether such novel results might be indicative of finite-time singularities in 
incompressible Euler flows. 

a
Institute for Computational Mechanics, Technical University of Munich, 85748 Garching, Germany 

b
Division of Scientific Computing, Department of Information Technology, Uppsala University, 

75105 Uppsala, Sweden 
c

Institute of Material Systems Modeling, Helmholtz-Zentrum Hereon, 21502 Geesthacht, Germany 
1 Taylor, Proc. R. Soc. Lond. A 151 (873), 421-444 (1935).
2 Onsager, Il Nuovo Cimento 6, 279-287 (1949).
3 Isett, Ann. Maths 188 (3), 871-963 (2018).
4 Fehn et al., J. Fluid Mech. 932, A40 (2022).
5 Arndt et al., In Software for Exascale Computing – SPPEXA 2016-2019, pp. 189-224, Springer (2020).
6 https://github.com/exadg/exadg.  
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Incompressibility constraint for turbulent relative dispersion 

B. J. Devenisha, D.J. Thomsona 

Recently Devenish & Thomson1 presented a non-Gaussian Lagrangian stochastic 
model (LSM) for relative dispersion in three-dimensional homogeneous isotropic 
turbulence which is consistent with the 4/5 law. The model is constructed with a 
specified form of the probability density function (pdf) of the relative velocity. One 
limitation of the model is that it assumes that the joint Eulerian pdf of the longitudinal 
and transverse relative velocity components, respectively ul and ut, can be separated 
into three marginal distributions. A consequence of this is that the mixed third-order 
moment   < ul ut

2 > = 0 which violates the incompressibility constraint on the pdfs of 
ul and ut and their third-order moments and is incompatible with the 4/5 law. Instead 
we will show that by considering the pdf of ul conditional on ut the model can satisfy 
the incompressibility constraint, namely, both the correct mixed third-order moment 
< ul ut

2 > = -8/15 εr, where ε is the mean energy dissipation rate and r is the absolute 
separation between a pair of particles, and the 4/5 law. We will show that analytical 
forms for the pdfs of ul and ut and the first three moments of ul conditional on ut can 
be chosen which agree well with data from direct numerical simulation (DNS) of 
homogeneous isotropic turbulence.  
 The LSM is then solved numerically and the statistics calculated from the 
trajectories of particle pairs for both forwards and backwards dispersion. The value of 
Richardson’s constant, the constant of proportionality in the celebrated t3 law (where t 
is time) for the mean-square separation in homogeneous isotropic turbulence, is 
approximately 0.5 for forwards dispersion and 1.5 for backwards dispersion both of 
which are compatible with values obtained from DNS data2-4. We consider the effect 
of the shape of the pdfs on the value of Richardson’s constant and the form of the 
conditional moments.  

a
Met Office, FitzRoy Road, Exeter, EX1 3PB, UK

1 Devenish and Thomson, J. Fluid Mech. 867, 877 (2019) 
2 Berg et al., Phys. Rev. E 74, 016304 (2006) 
3 Buaria et al., Phys. Fluids 27, 105101 (2015) 
4 Bragg et al., Phys. Fluids 28, 013305 (2016) 
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The role of external turbulence on scalar mixing into a turbulent 
wall bounded flow 

P. A. Bulleea, M. Asadia , R. J. Hearsta 

We present experimental results of scalar mixing in an open water channel facility, in 
which the turbulent characteristics of the flow were controlled using an active grid. 
Measurements of two-dimensional particle image velocimetry are combined with 
simultaneous results from planar laser induced fluorescence experiments from the 
same plane to study the correlation between (turbulent) mixing and velocity 
fluctuations. Results from two different downstream positions in the flow show that 
the spreading of the plume, i.e. mixing, increases with the level of turbulence intensity 
and with downstream position. In the boundary layer we find seemingly contradicting 
results: no difference in measured concentration for the different turbulence 
intensities, but a larger variation in the turbulent mass flux vector for different 
turbulence intensities. 

In the above figure we plot on the left the normalised mean concentration profiles, 
versus the channel height y, with h the channel half-height. The velocity boundary
layer occupies roughly the bottom half of the channel (y/h < 1).
The cases are marked A, B and C in order of increasing turbulence intensity from 
7.2% to 12.1%, for two different measurement locations downstream of the active 
grid, expressed in units of the grid dimension M equals 10 cm. The mean
concentration in the boundary layer is relatively unaffected by the different free-
stream turbulence levels, whereas it is know from previous studies that free-stream 
turbulence influences the turbulent boundary layer, and shear layers are pushed closer 
to the wall for higher free-stream turbulence intensities. This suggests that the scalar is 
not trapped and transported towards the wall by these layers. The vertical component 
of the turbulent mass flux vector cv, presented in the right plot, does however show
variations inside the boundary layer for the different turbulence intensities. Seeing that 
the scalar transport in wall-normal direction is dominated by turbulent diffusion, we 
further expand on these results by comparing different turbulent statistics and 
commenting on the presence and influence of different structures in the flow. 

a
Dep. Energy and Process Eng., Norwegian University of Science and Technology, Trondheim, NO
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Energy cascades in rapidly rotating and stratified turbulence 
within elongated domains 

A. van Kana,b and A. Alexakisb

Transitions from forward to inverse cascades have been observed in many anisotropic 
turbulent flows 1,2,3 We study 4  forced, rapidly rotating and stably stratified turbulence in an 

elongated domain using an asymptotic expansion at simultaneously low Rossby number Ro≪1 

and large domain height compared with the energy injection scale, h=H/ℓin≫1. The resulting 

equations depend on the parameter λ=(hRo)−1 and the Froude number Fr. An extensive set of 

direct numerical simulations (DNS) is performed to explore the parameter space (λ,Fr). We 
show that a forward energy cascade occurs in one region of this space, and a split energy 

cascade outside it. At weak stratification (large Fr), an inverse cascade is observed for 

sufficiently large λ. At strong stratification (small Fr) the flow becomes approximately 
hydrostatic and an inverse cascade is always observed. For both weak and strong stratification, 
we present theoretical arguments supporting the observed energy cascade phenomenology. 
Our results shed light on an asymptotic region in the phase diagram of rotating and stratified 
turbulence, which is difficult to attain by brute-force DNS. 

a Dep. Physics, University of California, Berkeley, CA 94720, USA
b 

Laboratoire de Physique de l’Ecole normale supérieure, ENS, Université PSL, CNRS, Sorbonne 

Université, Université Paris-Diderot, Paris, France
1 L. Smith et al., Phys. Rev. Lett., 77.12, 2467  (1996)
2 A. Celani et al., Phys. Rev. Lett., 104, no. 18, 184506. (2010)
3 E. Debusebio et al., Phys. Rev. E , 90(2), 023005 (2014) 
4 A. van Kan, A. Alexakis, J. Fluid Mech., 933, A11 (2021) 

Figure 1: Vorticity field of rotating and stratified turbulence with inverse cascade. 

910



Direct numerical simulations of turbulent planar wakes with 
viscoelastic FENE-P fluids 

M. C. Guimarãesa, F. T. Pinhob, C. B. da Silvaa

The current work presents results from several direct numerical simulations (DNS) of 
spatially evolving turbulent planar wakes with viscoelastic fluids such as those 
consisting of a polymer solution in a Newtonian solvent. The rheology of the 
solutions is characterised by the Finitely Extensible Non-Linear Elastic constitutive 
model closed with Peterlin’s approximation (FENE-P). The simulations use a highly 
accurate code that employs a combination of pseudo-spectral and 6th order ’Compact’ 
finite differences schemes, for the momentum equations, and the Kurganov-Tadmor 
scheme for the conformation tensor equations. More details about the numerical 
methods can be found in Guimarães et al. (2020)1. The DNS show that the polymers 
in the solution reduce the wake spreading and decaying rates and strongly affect the 
Reynolds stresses and dissipation rate of turbulent kinetic energy. Two-dimensional 
contours of instantaneous vorticity modulus are shown at figure 1. A new theory is 
developed for the far field region of wakes with a small velocity deficit, leading to new 
scaling laws for the wake width, mean velocity deficit and polymer shear stresses. The 
theory is based on a scaling analysis of the equations of motion inspired by the ideas 
similar to Guimarães et al. (2020)1 for turbulent planar jets. Good agreement is 
obtained between the theory and the DNS data. 

a
IDMEC/LAETA, Instituto Superior Técnico, Universidade de Lisboa, Lisboa, Portugal

b
CEFT, AliCE, Faculdade de Engenharia, Universidade do Porto, Porto, Portugal 

1 Guimarães et al., J. Fluid Mech. 899, A11 (2020). 

Figure 1: Vorticity contours for Newtonian (a) and viscoelastic (b) turbulent planar 
wakes. 
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Studying turbulence in fluid complex plasmas 

P. Bajaj a, A. Ivlev b, C. Räthc and M. Schwabea,*

Turbulence is ubiquitous in nature, but it is yet to be understood completely [1], 
especially its dynamics at smaller length scales. Complex plasmas are microparticles in 
a plasma environment of electrons, ions and neutral atoms. As they accumulate high 
negative charges due to the higher mobility of electrons than ions, they interact with 
each other to produce collective behaviours, similar to many macroscopic systems. 
Thus, they provide model systems to study fundamental problems like turbulence at a 
microscopic level. As these particles are relatively large and move comparatively 
slowly, they can be tracked with high-speed imaging techniques. We performed 
experiments with complex plasmas in the ground-based laboratory of PK-3 Plus [2].  
To study turbulence, we use dust acoustic waves [3] that are self-excited by the two-
stream instability of ions moving past microparticles in fluid complex plasmas. Here, 
we not only demonstrate that it is feasible to study turbulence in these systems even in 
the presence of considerable constant background damping force due to collisions of 
microparticles with neutral atoms, but also study the onset/decay of this turbulence by 
changing the various physical control parameters of the experiment, for instance, the 
temperature difference between the electrodes in the plasma chamber. Here, we 
present the possibility to control turbulence in complex plasmas by changing the 
temperature difference between electrodes of the plasma chamber, as shown below. 

a
Institut für Materialphysik im Weltraum, German Aerospace Center (DLR), Germany 

*Present address: Institut für Physik der Atmosphäre, German Aerospace Center (DLR), Germany
b

Max-Planck-Institut für Extraterrestrische Physik (MPE), Germany 
c

Institut für KI Sicherheit, German Aerospace Center (DLR), Germany 
1 Frisch U., Turbulence: The Legacy of A. N. Kolmogorov, Cambridge University Press, 1995. 
2 A. Melyer, Physics of Dusty Plasmas, Springer (2019).  
3 H. Thomas et. al., ‘Complex plasma laboratory PK-3 Plus on the ISS’, New J. Phys.10 (2008). 

Figure 1: Experimental snapshots of dust acoustic waves at (a) ΔT = 41.5K (c) ΔT = 32.5K, 
where ΔT is temperature difference between the electrodes in the plasma chamber. (b,d) show 
energy spectra (red) for (a,c) with a power law of -1.3 (blue); (b,d): the cascade rate (Ω) (green), 
with a power law of 1.15 (black) is larger than the damping rate (β) (pink).  
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Tailored models for the strain-rate dynamics in incompressible 
isotropic turbulence 

M. Carbonea, M. Wilczeka,b

Velocity gradients contain comprehensive information on the small scales in 
turbulence. Modelling them offers the possibility to obtain low-dimensional models 
providing insights into the turbulent nonlinear dynamics. 

Here we address how to construct velocity gradient models that match given 
turbulence statistics by design. In particular, we focus on the strain rate which 
encodes, for example, information on the intermittent statistics of the turbulent 
energy dissipation rate. We find that the strain-rate probability density function (PDF) 
in incompressible, statistically steady and isotropic turbulence has a surprisingly simple 
form, as shown in fig. 1. This enables an accurate analytic approximation of the entire 
strain-rate PDF. Based on that, we formulate a Fokker-Planck equation for the strain 
rate that yields the prescribed PDF by construction. We also identify gauge terms that 
control the strain-rate time correlations while leaving the single-time statistics 
unchanged. We retrieve the Langevin 
equation associated with the 
constructed Fokker-Planck equation. 
The resulting reduced-order model 
accurately reproduces the strain-rate 
statistics obtained from direct numerical 
simulation (DNS) of incompressible 
isotropic turbulence at various 
Reynolds, see fig. 1. 

The proposed model generalizes 
previous works on velocity gradient 
modelling based on tensor function 
representation theory1, facilitating data-
driven modelling approaches. The 
outcome of this work is also a step 
towards analytic approximations for the 
velocity gradient PDF, thus allowing to 
extend the analysis of extreme events in 
turbulence2 to the entire velocity 
gradient PDF. 

a
 Max Planck Institute for Dynamics and Self-Organization, Am Faßberg 17, 37077 Göttingen, 

Germany 
b
Theoretical Physics I, University of Bayreuth, Universitätsstr. 30, 95447 Bayreuth, Germany 

1 Leppin and Wilczek, Phys. Rev. Lett. 125, 224501 (2020). 
2 Buaria and Pumir, Phys. Rev. Lett. 128, 094501 (2022). 

Figure 1: Strain-rate PDF parametrized through 
the eigenvalues λi. The colour map and black 
contours (logarithmically equispaced) are from 
the DNS, while the white contours result from 
the proposed model. 
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Massive computational study of causal events 
 in turbulent channel flow 

K. Osawaa and J.Jiméneza
b

Causally important events are studied in turbulent channel flow by seeing the effect of 
flow intervention. The methodology follows the causal analysis of 2D HIT in1. Direct 
numerical simulations of a turbulent open channel at Reτ = 609 are repeated many
times, after perturbing small parts of the flow (cells) by removing their velocity 
fluctuations, and causal significance is measured by how much the evolution of the 
flow changes from the original. Cells are cubes of size of lcell, which changes from 25
to 150 wall units. The distance from the wall to their centre, ycell, varies from lcell/2
(attached to the wall) to 300 wall units.  
Causal significance is either measured by the squared norm of the velocity difference 

between the perturbed and original flows, εu = ‖uper−uorg‖2, or by its relative growth
εu(t)/εu(0), and which flow cells are more significant depends a lot on this choice.
When the absolute magnitude is used, cells with an initially larger perturbation tend to 
be more causally significant. But, when the relative growth is used, which cells are 
most significant depends on the observation time, and on ycell; for observations at the
time, tsig, at which the significance of the different cells diverges the most, significant
cells tend to be in sweeps, whereas irrelevant ones tend to be in ejections. Figure 1 
shows εu averaged over x−z for significant and irrelevant cells. Generally, the
perturbation initially spreads both up and down, but only grows substantially after it 
reaches the wall, where it develops faster due to the higher shear. As characterized by 
the location of maximum of εu (bold line), the perturbation of the significant cells
move towards the wall faster than the irrelevant ones. This suggests that sweeps tend 
to be more causally significant than ejections because they carry the perturbation 
faster to the wall. The time tsig is found to be roughly proportional to ycell, further
supporting the idea that the propagation of the perturbation towards the wall decides 
its causal significance. 

a
School of Aeronautics, Universidad Politécnica de Madrid, 28040 Madrid, Spain

1 Jiménez, J. Europ. J. Mech. B: Fluids 79:1 (2019).

Figure 1: Temporal development of εu, averaged over wall-parallel planes, and normalized by

its initial value. (a) Conditioned to causally significant perturbations, defined by relative growth. 
(b) Causally irrelevant. Vertical line: tsig. Bold line: Peak height of εu. l+cell = 100, y+

cell = 300.
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Inertial waves focusing into localized turbulence in rotating fluid 

A. Mohameda, A. Delachea,b and F.S. Godeferda

In geophysics or astrophysics, flows are often submitted to stable-stratification-
induced buoyancy force or to rotation-induced Coriolis force, causing the formation 
of internal gravity waves (IGW) or inertial waves (IW). In the ocean, energy injected 
by tidal forces generates internal gravity waves that interact with the ocean topography 
causing energy dissipation into localized turbulence. This phenomenon can be 
geometrically idealized in a flow containing an oscillating solid torus, hence 
reproducing the focalization of waves at the apex of the propagation cone with an 
angle θ (fig. 1). 
Several studies for IGW in stratified fluid, but also for IW in a rotating fluid, have 
analyzed this torus configuration by using numerical simulations of IW1, experiments 
of IGW2, or analytical theory of IGW3. Note that IGW and IW are both transverse 
waves with similar dispersion relation, so that their dynamics can be expected to be 
comparable, at least qualitatively.  
In this study, a vertically oscillating torus in a rotating fluid is used to produce the 
inertial waves focussing. The objective is to study the energy conversion in the focus 
zone, direct numerical simulations (DNS) have been performed with spatial resolution 
of 5123 points. The spectrogram of the vertical velocity signal on the focus zone in 
nonlinear DNS shows that the principal forcing frequency coming from the oscillating 
torus transfer energy to higher frequency (superharmonics).  Higher order statistic 
HOS are used to characterize the flow dynamics. Among them, bispectra and 
bicoherences will also be presented in order to propose a transition scenario in terms 
of triadic wave resonance. 

a
Univ Lyon, Ecole Centrale de Lyon, CNRS, Univ Claude Bernard Lyon 1, INSA Lyon, LMFA, 

lhljhjlUMR5509, 69130, Ecully, France
b

Université Jean Monnet, 42100 Saint-Étienne, France 
1 Duran-Matute et al., Phys. Rev. E 87, 041001 (2013).
2 Shmakova  and Flór , J. Fluid Mech. 862, R4 (2019).
3 Voisin et al., J. Fluid Mech. 666, 308 (2011).

Figure 1: Isosurfaces of the vertical velocity u3 from numerical simulation 
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A minimal phase-coupling model for intermittency 
in turbulent systems 

Enda Carrolla, José-Agustín Arguedas-Leivab, Luca Biferalec, 
Michael Wilczekb,d and Miguel D. Bustamantea 

Turbulent systems exhibit a remarkable multi-scale complexity, in which coherent, 
intense, and rare events in the velocity gradients induce scale-dependent statistics with 
strong departures from Gaussianity – a phenomenon known as intermittency.
Correspondingly, in Fourier space, phase correlations can give rise to complex scale-
dependent properties, as the one developed in the presence of coherent shocks. A 
quantitative relation between real-space structure, statistics, and phase synchronization 
is currently missing. Here, we address this problem in the framework of a minimal 
phase-coupling model which enables a detailed investigation by means of dynamical 
systems theory and multi-scale high-resolution simulations. The model is formulated in 
terms of Fourier phases whose dynamical coupling resembles the one in Navier-Stokes 
turbulence. Specifically, it is Burgers turbulence with the important distinction that the 
amplitudes are kept at fixed values such that only the Fourier phases evolve: 

𝑎𝑘

dϕ𝑘

dt
=   − 𝑘 ∑ 𝑎𝑝𝑎𝑘−𝑝 cos(ϕ𝑝  +  ϕ𝑘 − 𝑝  −  ϕ𝑘)

𝑝∈ℤ

,  𝑘 ∈ ℤ,  where 

𝑎𝑘 = |𝑘|−α, 2 ≤ |𝑘| ,  𝑎𝑘 = 0, |𝑘| ≤ 1,  0 < α  (control parameter). 

At difference from the stochastic ‘phase-only’ Burgers model studied by Murray and 
Bustamante1, the model is a deterministic system and supports a chaotic attractor.  

By changing the spectrum slope α we can tune the coupling strength of the phases and 
study how the intermittency of the underlying velocity field changes. We find that both 
very steep and very shallow spectra exhibit close-to-Gaussian statistics, while strong 
departures from Gaussianity are observed for intermediate slopes comparable to the 
ones in hydrodynamic and Burgers turbulence. We show that the non-Gaussian regime 
of the model coincides with a collapse of the dynamical system to a lower-dimensional 
attractor and the emergence of phase synchronization, thereby establishing a dynamical-
systems perspective on turbulent intermittency.  

Preprint: arXiv:2107.14003 (2022). 

a
 School of Mathematics and Statistics, University College Dublin, Belfield, Dublin 4, Ireland 

b
Max Plank Institute for Dynamics and Self-Organization, Am Faßberg 17, 37077 Göttingen, Germany 

c
 Dept. Physics and INFN, University of Rome Tor Vergata, Via Ricerca Scientifica 1, 00133 Rome, Italy 

d
 Theoretical Physics I, University of Bayreuth, Universitätsstr. 30, 95447 Bayrueth, Germany 

1 
Murray and Bustamante, J. Fluid Mech. 850, 624 (2018).
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Adverse pressure gradient effects on the turbulent boundary layer 
around a NACA 4412 wing profile: an experimental investigation 

F. Mallora, C. Sanmiguel-Vilab, R. Vinuesaa, R. Örlüa and P. Schlattera

The effects of non-equilibrium adverse pressure gradients (APGs) on the turbulent 
boundary layer (TBL) developing around a NACA 4412 wing profile are studied 
experimentally in the Minimum Turbulence Level (MTL) wind tunnel at KTH. Two 
Reynolds numbers (0.4 and 1 x 106) and four angles of attack (5, 8, 11 and 14 degrees) 
are investigated in the present campaign. Special focus has been put on a clean setup 
of the cases, allowing for high-accuracy measurements of the turbulent flow: In order 
to characterize the TBL, pressure scans and hot-wire anemometry (HWA) 
measurements are conducted. Amplitude modulation and spanwise coherence of the 
TBL subjected to strong APGs is assessed through two-point HWA correlation 
measurements in the wall-normal and spanwise directions. Moreover, oil-film 
interferometry is used as a direct measurement of the skin friction, avoiding the 
estimation of the friction velocity (critical for scaling of the data) from composite 
profiles. A thorough analysis of the current data and of existing APG databases show 
that such estimation may be inadequate for strong adverse pressure gradients (such as 
the ones occurring around a wing). Lastly, the experimental data acquired is 
thoroughly cross-validated against adaptive high-fidelity (quasi-DNS) numerical 
simulations1 conducted with the spectral-element method Nek5000. As seen in Figure 
1, an excellent agreement is observed both in the pressure coefficient around the wing, 
as well as in the mean velocity profile in the boundary layer for matching simulations 
and experiments. 

a
FLOW, Engineering Mechanics, KTH Royal Institute of Technology, SE-100 44 Stockholm

b
Sub-Directorate General of Terrestrial Systems, Spanish National Institute of Aerospace 

Technology (INTA), 28330, San Martin de la Vega, Spain 
1 Tanarro et al., Flow Turb. Combust. 105 (2), 415 (2020).

Figure 1: Cross-validation of the LES and experimental data. Pressure coefficient 

distribution (left) and boundary layer mean velocity profile at x/c=0.75 and AoA=5º on the 
suction side (right). 
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Flexible discs in turbulence 

G. Verhillea

In Lagrangian turbulence, the influence of particle deformations has been barely 
addressed. Brouzet et al. [1] show that fiber longer than a critical length, named the
elastic length, can bend in turbulent flow. This elastic length depends on the mechanical 
properties of the particle, on the fluid properties and on the turbulent kinetic energy 
[1]. Later, Gay et al. [2] and Rosti et al.  [3] characterize the statistics and the dynamics
of the deformation of long fibers in turbulence. More recently, Brouzet et al. [4] and
Allende et al. [5] investigate fragmentation due to large deformations of brittle fibers.
These studies were mainly motivated by the formation of microplastic in the ocean. 
They both show that the fragment size distribution is directly related to the deformation 
statistics and hence to the elastic length for fibers in the inertial range. If, this result 
opens new way to model the fate of microplastic in the ocean, it needs to be generalized 
to 2D and 3D objects such as sheets or pellets which constitute the majority of plastic 
litters. 

In this study, I will characterize experimentally the transition from rigid to flexible discs 
in turbulence. As for fibers, this transition is governed by the ratio of the fiber length 
to a characteristic length. The expression of this length scale differs for discs and fibers. 
I will show that the main difference between these two kind of particles is the particle 
inertia which cannot be neglected for discs contrary fibers. 

a Aix-Marseille Univ, CNRS, Centrale Marseille, IRPHE, 13013 Marseille 
[1] C. Brouzet, G. Verhille, P. Le Gal, Flexible Fiber in a Turbulent Flow: a Macroscopic Polymer, Phys.
Rev. Lett., 112, 074501, 2014.
[2] A. Gay, B. Favier and G. Verhille, Characterisation of flexible fibre deformations in turbulence EPL-
Europhys. Lett., 123(2), 24001, 2018.
[3] M. E. Rosti, A.A. Banaei, L. Brandt, A. Mazzino, Flexible fiber reveals the two-point statistical properties
of turbulence, Phys. Rev. Lett., 121(4), 044501, 2018.
[4] C. Brouzet et al., Laboratory model for plastic fragmentation in the turbulent ocean Phys. Rev. Fluids, 6,
024601, 2021.
[5] S. Allende, C. Henry and J. Bec, Dynamics and fragmentation of small inextensible fibers in turbulence,
Phil. Trans. R. Soc. A, 378(2175), 20190398, 2020.
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Interaction between thermal stratification and turbulence in 
channel flow  

F. Zontaa, P. Hadi Sichania,b and A. Soldatia,b

Transport phenomena in high Reynolds number wall-bounded stratified flows are 
dominated by the interplay between the turbulence structures generated at the wall 
and the buoyancy-induced large scale waves populating the channel core. In this study, 
we want to investigate the flow physics of wall-bounded stratified turbulence at 

relatively high shear Reynolds number Re and for mild to moderate stratification level 

(quantified here by the shear Richardson number varying in the range 0<Ri<300). By 
increasing stratification, active turbulence is sustained only in the near-wall region, 
whereas intermittent turbulence, modulated by the presence of non-turbulent wavy 
structures (Internal Gravity Waves, IGW), is observed at the channel core. In such 
conditions, the wall-normal transport of momentum and heat is considerably reduced 
compared to the case of non-stratified turbulence.  A careful characterization of the 
flow-field statistics shows that, despite temperature and wall-normal velocity 
fluctuations are very large at the channel center, the mean value of their product 

(buoyancy flux) vanishes for Ri>200. We show that this behavior is due to the 

presence of a /2 phase delay between the temperature and the wall-normal velocity 
signals: when wall-normal velocity fluctuations are large (in magnitude), temperature 
fluctuations are almost zero, and viceversa. This constitutes a blockage effect to the 
wall-normal exchange of energy. In addition, we show that the friction factor scales as 

Cf~Ri-1/3, and we propose a new scaling for the Nusselt number, Nu Re-2/3 ~Ri-1/3. 
These scaling laws, which seem robust over the explored range of parameters, are 
expected to help the development of improved models and parametrizations of 

stratified flows at large Re. 

a
Inst. of Fluid mechanics and Heat Transfer, TU Wien, Getreidemarkt 9, 1060, Vienna, Austria

b
Polytechnic Department, University of Udine, 33100 Udine, Italy  

Figure 1: Contour map of the temperature field (compute on a streamwise section) for a 

stably stratified turbulent channel flow. The flow goes from left to right. 
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Local fluxes of conserved quantities started from localized spectra 
in Charney-Hasegawa-Mima turbulence 

M. Takaokaa, N. Yokoyamab and E. Sasakic

Motions of localized structures can be easily recognized like particle tracer methods in 
flow visualization. Spectrum centroids of conserved quantities are proposed and used 
to visualize the directions of triple cascade in the developing state of Charney-
Hasegawa-Mima (CHM) turbulence by Nazarenko and Quinnin.1 The CHM equation 
has two quadratic invariants, energy and enstrophy, and one quadratic quasi-invariant 
called zonostrophy and shows rich heterogeneous coexistence turbulence(HCT): zonal 
flows, wave turbulence above the Rhines scale and two-dimensional Navier-Stokes 
(2D NS) turbulence below the scale. In Ref. 2 the authors proposed the minimal-
norm energy-flux vectors to quantify the energy-flux in statistically steady
anisotropic turbulence. More generalized practical formulation of the flux vectors in 
HCT is proposed and applied to CHM turbulence to visualize anisotropic flux fields .3 

Our formulation can be applied to both developing and statistically steady states. 
We here extend the idea of spectrum centroids to apply statistically steady states and 
compare them with the flux vectors. In the developing state, Fig.1(a) shows the 
dependence of centroid motions on spectrum locality with similar distribution in 
Ref.1, and Fig.1(b) shows the corresponding local flux vectors. To examine the 
statistically steady states, we add small disturbances with localized spectra, whose 
locations are distributed in the wavenumber space, to statistically steady spectra, and 
trace the time-evolution of their centroids. see Fig.1(c) as an example. The difference 
between the motions of fluctuations and the centroids of the disturbances will be 
discussed. 

a Dep. Mechanical Engineering and Science, Doshisha University, Kyotanabe, 610-0394, Japan 
b

Dep. Mechanical Engineering, Tokyo Denki University, Adachi, 120-8551, Japan 
c

Dep. Systems Design Engineering, Akita University, Akita, 010-8502, Japan 
1 Nazarenko and Quinn, Phys. Rev. Lett. 103, 118501 (2009). 
2 Yokoyama and Takaoka, J. Fluid Mech. 908, A17 (2021). 
3 Takaoka et al., Phys. Rev. Fluids 7, L012601 (2022).

Figure 1: (a) Centroid paths for various spectrum widths (wide □,○,△,▽ narrow) and (b) local 
flux vectors of energy (red), enstrophy (green), and zonostrophy (blue). (c) Centroid paths for 
representative localized small disturbances and (d) its low-wavenumber range enlargement.  
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A lattice-Boltzmann solver coupled to an immersed boundary 
method with applications to turbulent flows. 

I. Cheylana, J. Faviera,  and P. Sagauta

An immersed boundary method is coupled to a turbulent wall model and Large Eddy 
Simulation, with a Lattice-Boltzmann solver based on the Hybrid Recursive 
Regularized (HRR) collision model. The method is able to handle arbitrarily moving 
objects immersed at high Reynolds number flows and to accurately capture the shear 
layer and near wall effects. 

When dealing with high Reynolds number turbulent wall-bounded flows, modeling 
near wall turbulence, and more precisely the inner layer of the turbulent boundary 
layer, becomes a primary concern in many industrial fields, since this part of the flow 
governs most of the friction and heat/mass transfers at the wall. In this work, the 
power wall law1, which is an explicit wall model without any iterative procedure for 
the determination of the friction velocity, is combined with the immersed boundary 
method (IBM). 

The IBM consists of defining a volume force term on the boundary between the fluid 
and the solid, calculated to satisfy the no-slip boundary condition at the wall2. For the 
LBM, the recently developed Hybrid Recursive Regularized (HRR) model3 is used to 
enhance numerical stability and the algorithms are implemented within the ProLB 
software.  

We perform a thorough numerical study to validate and characterize the efficiency, 
stability and accuracy of the numerical framework using a set of test-cases of 
increasing complexity. The robustness and accuracy of the method are assessed first in 
a static laminar configuration, then in a mobile laminar case, and finally in a static and 
oscillating turbulent simulation. In all cases, the proposed method shows good results 
compared to the available data in the literature. 

a
 Aix Marseille Univ, CNRS, Centrale Marseille, M2P2, Marseille, France

1 Wilhelm et al., Phys.Fluids. 30, 065111 (2018).
2 Favier et al., J. Computational Physics. 261, 145-161 (2014).
3 Jacob et al., J. of Turbulence. 19, 1051-1076 (2018).
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     Turbulence structure in buoyancy-driven free-shear flows 

E. De Angelisa, A. Fregnia, J.P. Molliconeb, A. Cimarellic

and M. van Reeuwijkd 

One of the most relevant features of buoyancy-driven turbulent free flows is that 
turbulence is driven not solely by processes embedded in the rotational core itself but 
also by interaction phenomena with the surrounding laminar flow region, see Figure 1. 
The present study investigates the physics of a pure plume, considered as the paradigm 
of free-shear buoyant flows, evolving temporally. The equations are written in a 
Cartesian geometry and variables are described by the Boussinesq approximation.  
The initial condition is a quiescent fluid layer characterized by a zero  temperature 
except for a thin region −H < z < H where it is homogeneously distributed in the x
and y directions. The flow problem considered here is for a Reynolds number based on
the initial conditions Re = 200 and Prandtl number Pr = 1. The computational domain 
is a cuboid of size 144H × 144H × 96H and has been discretized by using 3240 × 2880 
× 1920 elements. From the initial conditions, the flow field is let to freely evolve in 
time. The processes occurring in the flow are strongly position dependent so that in 
general do not balance each other locally leaving space for spatially evolving turbulent 
transport phenomena compensating the resulting inhomogeneity. To analyse the dual 
nature, in the space of scales and positions, of these processes and to offer an 
understanding of the flow physics when also buoyancy plays a role, we extend the work 
in Cimarelli et al1 where an analysis based on the second order moments of two-point 
velocity (the so-called generalized Kolmogorov) is presented. Here the theoretical 
framework is enriched addressing the temperature increments (the Yaglom equation2).  

a School of Engineering, Cardiff University, Cardiff CF24 3AA, UK 
b Dep. of Mechanical Engineering, University of Malta, Malta 
c DIEF, University of Modena and Reggio Emilia, 41125 Modena, Italy 
d Department of Civil and Environmental Engineering, Imperial College, SW7 2AZ London, UK 
1 Cimarelli et al. J. Fluid Mech. 919, A19 (2021).
2 Togni et al. J. Fluid Mech. 782, 380 (2015). 

Figure 1: Overview of the flow at t=60:  temperature (left) and vorticity (right). 
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 Effect of fore-body flow conditions on the bi-stable turbulent 
wake dynamic of a three-dimensional bluff body

Yajun Fana and Olivier Cadota 

The recent investigation of turbulent wake dynamics behind rectangular base bluff 
bodies reports on the random switching dynamic between two permanent asymmetry 
wake states1,2 with a very low switching frequency. The effect of the free-stream 
turbulent intensity3,4 and forebody separation5 on the switching event has been 
recently studied, but leads to contradictory conclusions. In this context, the current 
work aims to study experimentally the effect of front separation manipulation on the 
bistable wake dynamics. As shown in Fig.1(b), the turbulator with the sawtooth edge 
is attached to the forebody to change the front separation, further leading to an 
influence on the boundary layer which can be measured by hot-wire velocimetry (see 
in Fig.1a). Four base pressure taps marked in Fig.1(c) are used to calculate the 
pressure gradient which is an appropriate indicator for the bistable wake1. 

Figure.1 (a)-(c): Experimental setup; (d)-(g): mean velocity profile and fluctuation profile at 
different lead edge positions and the trailing edge; (h)-(i): The time series of the pressure 
gradient for the model with (i) and without (h) turbulator. 

As shown in Fig.1(d, f), the application of the turbulator results in an earlier 
transition to the turbulence, leading to more turbulent fluctuation at the trailing edge 
(Fig.1e, g). More fluctuation is associated with a decrease of the switching rate (Fig.1h, 
i). Further investigations will be presented with long-time statistics and full space-time 
turbulent characterisation of the trailing edge boundary layer. 

a
School of Engineering, University of Liverpool, UK 

1 Grandemange et al, J. Fluid Mech. 722, 51(2013).
2 Grandemange et al, Phys. Rev. E 86, (2012).
3 Cadot et al, C. R. – Mec. 348 509(2020).
4 Burton et al, J. Fluid Mech. 926, (2021).
5 Hesse and Morgans, Comput. Fluids 223, (2021)
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Axisymmetric turbulent transition in toroidal flow

W. Agoua a, B. Favierb, J. Moralesc and WJT. Bosa

We study a transition between two turbulent states in an axisymmetric flow1. These 
are two-dimensional states with two and three velocity components and will be 
indicated by 2D2C and 2D3C, respectively. This transition is studied using direct 
numerical simulations in the poloidal cross section of a torus. The transition from a 
2D2C to a 2D3C state is induced by a forcing in the toroidal direction of the torus. 
We show that in our set-up the 2D2C flow-state is caracterized by reduced 
fluctuations and reduced radial transport, the presence of large scale structures and 
modifications of the energy cascade as in usual 2D state. We inject a scalar field in our 
flow to show that this reduced turbulence is associated with a better confinement of 
the scalar in the torus. We suggest that the 2D3C-2D2C transition is relevant to 
explain a similar  transition1 in tokamak fusion plasmas.  

a
CNRS, Univ Lyon, Ecole Centrale de Lyon, Univ Lyon 1 Claude Bernard, INSA Lyon, LMFA, 36 

av. Guy de Collongue, Ecully, France
b

Aix Marseille Univ, CNRS, Centrale Marseille, IRPHE,  49 Rue Frédéric Joliot Curie, Marseille, 

France
c  

CEA, IRFM, Centre de Cadarache, Saint-Paul-lez-Durance,France
1 Qin et al., Physical Review Fluids, 5 (2020). 
2 Wagner et al., Phys. Rev. Lett. 49, 12 (1982). 

Figure 1: Results from DNS: Drop in temperature at the center of the tokamak section and 

growth in the toroidal-poloidal energy ratio by increasing toroidal-poloidal forcing ratio  
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Logarithmic convection velocity profile in adverse pressure 
gradient turbulent boundary layers 

A. Dróżdża, P. Niegodajewa, M. Romańczyka and W. Elsnera

The convection velocities of turbulent small-scale events have been studied in a 
strong-velocity-defect adverse-pressure-gradient turbulent boundary layer for friction 

Reynolds number ranges Re  1400 – 4000. The study was based on estimation of
convection velocity using decomposed streamwise skewness factor1 and verified by 
means of free-of-wake-effect two-point correlations in APG i.e., convection velocity 
of small-scale ejections-sweeps, sweeps-ejections pairs was estimated assuming that 
the small-scales convection velocity reassembles the distribution as the mean 
convection velocity2. It was found that the convection velocity in adverse-pressure-
gradient is universal in the inner region and follow logarithmical distribution of mean 
velocity profile encounters in zero-pressure-gradient turbulent boundary layers up to 
Clauser-Rotta pressure gradient parameter β < 19 (see Figure 1a.). More detailed
studies of the skewness factor decomposition revealed that this phenomenon can be 
attributed to enhanced, with increasing Reynolds number, large- and small-scale 
interactions commonly known as the amplitude modulation3. General model of 
convection velocity on mean profile in APG in the proposed which agrees with 
quasisteady quasihomogenous theory4 and can reproduce many experimentally 
identifies as increased sweep event and multiple inflection points on the mean velocity 
profile in APG. 

This research was funded by National Science Centre of Poland under Grant No. 
2020/39/B/ST8/01449 and Polish National Agency of Academic Exchange no. 
under Grant no. PPI/APM/2019/1/00062. 

a
Dep. Thermal Machinery, DTM, al. Armii Krajowej 21, Częstochowa, Poland 

1 Dróżdż and Elsner, Inter. J. of Heat and Fluid Flow. 63 67–74 (2017).
2 Renard and Deck, J. of Fluid Mech. 775 105–148 (2015).
3 Mathis et al, J. of Fluid Mech. 628 311 (2009).
4 Zhang and Chernyshenko, Physical Review Fluids. 1 014401 (2016).
5 Dróżdż et al. Experimental Thermal and Fluid Science. 125 110377 (2021).
6 Monty et al. Inter. J. of Heat and Fluid Flow. 32 575–585 (2011).
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Figure 1. (a) Estimated convection velocity for β ≤ 19 for experimental results of Dróżdż et al5 (low Re - 

□ and high Re - ◊) and Monty et al.6 (β  4.3 - Δ) and (b) mean velocity profiles of Dróżdż et al5.
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Lagrangian curvature statistics from Gaussian
sub-ensembles in turbulent von-Kármán flow  

Y. Hengster  a  , D. Schanzb, F. Huhnb, D. Garaboa Pazc,
E. Bodenschatzd, M.Wilczeke and M.Linkmanna

A salient feature of fully turbulent flows far from onset
is the intermittent occurrence of extreme fluctuations
at small spatial and temporal scales.  Here, we derive
an  expression  for  the  curvature  probability  density
function  (pdf)  for  the  ensemble  of  tracer  particle
trajectories  in  isotropic  turbulence  including  spatio-
temporal intermittency. We obtain a master curve for
the pdf for near-Gaussian sub-ensembles, obtained by
conditioning  on  the  squared  acceleration  coarse-
grained  over  a  few  viscous  time  units1,  where  an
analytic  form  pdf  can  be  obtained2,  from  which  we
obtain  the  pdf  for  the  full  ensemble.  The  derived
expression agrees qualitatively and quantitatively with
the curvature pdf calculated using tracer particle data
in  von-Kármán  flow  obtained  by  Shake-The-Box
processing3  for  low  values  of  curvature  (see  fig.  1).
Quantitative  differences  occurring  for  the  high-
curvature tail (fig. 1) are discussed.

aSchool of Mathematics, University of Edinburgh, UK   
bGerman Aerospace Center, Institute of Aerodynamics and Flow 
Technology, Department of Experimental Methods, Göttingen, Germany
cGroup of Nonlinear Physics, University of Santiago de Compostela, Spain
dMax Planck Inst. for Dynamics and Self-Organization, Göttingen, Germany 
eDepartment of Physics, University of Bayreuth, Germany
1Bentkamp, Lalescu, Wilczek, Nat. Comm., 10, 3550 (2019)
2Xu, Ouellette, Bodenschatz, Phys. Rev. Lett., 98, 050201 (2007) 
3Schanz, Gesemann, Schröder, Exp. Fluids 57:70 (2016)

Figure 1: Comparison of 
analytically (green) and 
experimentally (orange) 
obtained curvature pdfs 
for Lagrangian particle 
trajectories at Reλ= 270. 
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Numerical dispersion effects on the energy cascade in Large Eddy 
Simulation and implications for subgrid stress models 

Gopal R. Yallaa,b and Robert D. Mosera,c 

Practical considerations of Large Eddy Simulation (LES) require that subgrid stress 
(SGS) models provide reliable predictions with very coarse resolution that is often 
highly inhomogeneous1 and anisotropic2, and with a low-order (typically second-order) 
numerical representation of the resolved scale dynamics3. Such discretizations introduce 
a number of challenges in subgrid modeling and unique characteristics of the flow 
represented in an LES4. In this talk we focus on the effects of numerical dispersion 
error on the energy cascade in LES and the implications for SGS models.  
 With the sole exception of Fourier-spectral numerics and cutoff filters, numerical 
representations of the convection term introduce dispersive errors in the dynamics of 
the resolved scales. Since the resolution scale in an LES usually lies in the inertial range, 
these poorly represented scales are dynamically significant, and errors in their dynamics 
affect all the resolved scales. It shown that linear dispersion error from a large mean 
convection velocity leads to a decoherence of the phase relationship among interacting 
triad wavenumbers, resulting in a shut-down of the energy transfer rate from large to 
small scales. Moreover, nonlinear dispersion errors are examined through the 
introduction of a new eddy-damped quasi-normal markovian (EDQNM) type of 
analysis that is applicable to the filtered turbulence in an LES. EDQNM is shown to be 
a useful tool for exploring numerical dispersion because it exposes the relaxation rate 
of the third-order velocity correlations, which is effectively increased by dispersion 
error. This EDQNM-LES model therefore provides a description of nonlinear 
numerical dispersion effects on the filtered energy transfer rate and energy spectrum in 
isotropic turbulence. Further, it is used to determine the a priori statistical requirements 
of SGS models for a variety of lower-order numerics and graded filters. In particular, 
we identify the ideal wavenumber-dependent behavior of the spectral eddy viscosity 
needed to produce an equivalently filtered Kolmogorov spectrum in the presence of 
non-spectral methods and truncations. This wavenumber-dependent behavior is found 
to vary significantly for many common numerics and filters from the standard ‘spectral-
cusp’ behavior identified by Kraichnan5.  

a
The Oden Institute for Computational Engineering and Sciences, The University of Texas at 

   Austin, Austin, TX 78712, USA
b

Dep. Mechanical Engineering, The Johns Hopkins University, Baltimore, MD 21218, USA 
c

Dep. Mechanical Engineering, The University of Texas at Austin, Austin, TX 78712, USA 

1 Yalla et al., Physical Review Fluids 6.7, 074604 (2021).
2 Haering et al., Physical Review Fluids, 4.11, 114605 (2019).
3 Yalla et al., Physical Review Fluids 6.9, L092601 (2021).
4 Moser et al., Annual Review of Fluid Mechanics, 53, 255-286 (2021).
5 Kraichnan, Journal of Atmospheric Sciences, 33.8, 1521-1536 (1976).
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Interscale/Interspace Energy Transfers at the Turbulent/Non-
turbulent Interface 

S. Era, J.-P. Lavala and J.C. Vassilicosa

Turbulent dissipation results from interscale/cascade interactions across a wide 
range of turbulence scales and plays a central role in turbulent shear flow 
development, in particular jet growth rate1. In this study, we investigate interscale and 
interspace energy transfer mechanisms at the turbulent/non-turbulent interface 
(TNTI) in a temporally developing turbulent jet using data from our own direct 
numerical simulations.  The TNTI is a very sharp interface at the edge of the jet which 
marks the dynamic border between rotational and irrotational flow regions. We 
calculate interscale and interspace energy transport rates at the TNTI conditional on 
interface characteristics such as TNTI position, orientation, curvature and/or local 
propagation speed relative to the fluid. We follow the method based on the Karman-
Howarth-Monin-Hill equation initiated by Zhou & Vassilicos (2020)2 who applied it 
only to TNTI regions with small curvature and no folds. Curvature and folds are 
expected to play an important role on entrainment, TNTI propagation and longevity 
which, in turn, depend on interscale and interspace energy transfers at the TNTI's 
vicinity.  An important aspect of the study will concern the actual definition and inner 
structure of the TNTI given our recent work3 which has shown that different 
enstrophy isosurfaces within the TNTI have different fractal dimensions and, as a 
result, varying dependencies of the propagation velocity on global Reynolds number. 

a
Univ. Lille, CNRS, ONERA, Arts et Metiers Institute of Technology, Centrale Lille, 

   UMR 9014 - LMFL, F-59000 Lille, France 
1 Cafiero and Vassilicos, Proc. R. Soc. A, 475(2225), 20190038 (2019).
2 Zhou and Vassilicos, Phys. Rev. Fluids 5(6), 064604 (2020).
3 Er et al., International Symposium on Turbulence and Shear Flow Phenomena (TSFP) (2022).

Figure 1: TNTI detected by 

different enstrophy thresholds 
(ω2

th/ω2
ref), showing the 

contortion of the interface. 

Figure 2: Average TNTI propagation velocity normalized 

by its dependence on Reynolds number to a power 
depending on fractal dimension. 
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Stripe proliferation close to phase transition 

E. Marensia,b, G. Yalnızb
 and B. Hofb

Spatio-temporal intermittency characterizes the transition to turbulence in many 
canonical shear flows. The competition between laminar and turbulent phases and the 
memoryless nature of the decay/proliferation processes have led researchers to an 
analogy to directed percolation phase transition, thus offering a new understanding of 
the subcritical route to turbulence in these flows. Here we focus on the contamination 
process of fully localised turbulence in plane-Couette flow (pCf) and highlight the 
differences with other shear flows, in particular plane-Poiseuille flow (pPf). For both 
systems we carry out direct numerical simulations in extended domains starting from 
an isolated stripe. While in pPf the primary mechanism of growth is the extension in 
length of the stripe, followed by break-off and growth of a new stripe upstream of the 
original one, in pCf the stripe first thickens and then either branches or splits (Figure 
1 ) with equal probability of splitting `to the left’ or `to the right’. In either case, a 
production of streaks within the stripe is needed for turbulence to proliferate. In pPf 
growth is deterministic: streaks are generated at the downstream tip with a constant 
rate1. In pCf however growth is stochastic: streaks get created at both tips as well as 
anywhere inside the stripe and at varying rates. Finally, the transport of the newly 
generated streaks by the secondary flow is studied in both systems and contrasted. 

a 
The University of Sheffield, Dep. Mechanical Engineering, Mappin Street, S1 3JD Sheffield, UK 

Institute of Science and Technology Austria (ISTA), 3400 Klosterneuburg, Austria 

Mukund et al., arXiv:2112.06537 [physics.flu-dyn] 

b 

1 

Figure 1: Evolution of an isolated stripe in (top row) pPf at Re=750 and (bottom row) pCf at 
Re=350. Midchannel cross sections of streamwise velocity perturbation (negative values in 
blue, positive in red) to the laminar flow. 
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Aspects of the turbulent entrainment for viscoelastic fluids 
H. Abreua, F. T. Pinhob and C. B. da Silvaa

Direct numerical simulations of a turbulent/non-turbulent interface (TNTI) layer with 
viscoelastic fluids, with Weissenberg number between Wi = 0 (Newtonian) and Wi = 
3.4, are used to analyse several of the entrainment characteristics of these fluids. It 
turns out that viscoelastic fluids exhibit substantial less entrainment than Newtonian 
fluids, due to the reduction of the surface area and fractal dimension of the 
irrotational boundary (Fig. 1), originated by the depletion of ’active’ scales of motion 
in the fluid solvent due to the viscoelasticity.1,2  The invariants of the velocity gradient 
tensor across the TNTI layer show that the predominance of vortex stretching over 
compression is less apparent in viscoelastic than in Newtonian fluids, and the 
alignments between the vorticity and the eigenvectors of the rate-of-strain tensor (Fig. 
2) show the existence of a shift in the most frequent alignments for the higher Wi.
This can be traced back to the predominance of vortex sheet structures for
viscoelastic turbulence, and explains the smaller entrainment of viscoelastic fluids
compared to Newtonian fluids (Fig. 2).

a
LAETA, IDMEC, Instituto Superior Técnico, Universidade de Lisboa, Lisboa, PORTUGAL

b
CEFT, Faculdade de Engenharia, Universidade do Porto, Porto, PORTUGAL 

1 Abreu et al., J. Fluid Mech. 934, A36 (2022). 
2 Abreu et al., ETC17 (2019). 

Figure 1: Top view iso-surfaces of the IB for some of the DNS used in the present work1, at 
the instant used in the analysis: (a) Newtonian reference case; (b) Wi = 1.30; (c) Wi = 3.46. 

Figure 1: PDFs of the cosine of the alignment between the vorticity vector and the principal 
strain axes, within the TNTI layer (a), at the edge of the TNTI layer (b), and turbulent core 
region for Wi = 0 (Newtonian fluid) and Wi = 1.30−3.41. 

932



Magnetized turbulent-laminar dynamics in shear flows 

L. Copea, S. M. Tobiasa and J. B. Marstonb

Turbulence is ubiquitous in nature, however, the characterisation of the transition 
that gives rise to turbulence in shear flows is yet to be accomplished. Intermittency is a 
defining feature of the initial onset of turbulence in wall-bounded flows, in which 
chaotic regions, often in the form of bands or spots, coexist and compete with 
laminar motion. Connections between the behaviour of this laminar-turbulence 
transition have been made with both the dynamics of excitable media in addition to 
predator-prey dynamics, although it is hard to differentiate between these two models 
since there is only one control parameter, namely the Reynolds number. In this study, 
we attempt to unfold this problem by adding a magnetic field, the presence of which 
suppresses the excitability of the medium, making the turbulence less intermittent and 
modifying the form of the bands. By considering the low magnetic Reynolds number 
quasi-static approximation, we introduce a second control parameter, the Hartmann 
number, thereby enabling this transition to be explored in a systematic manner. 

We study the idealised shear between stress-free boundaries driven by a sinusoidal 
body force. Known as Waleffe flow, the turbulence in this system has been shown to 
demonstrate both qualitative and quantitative agreement to that in the interior of 
plane Couette flow. This system is further reduced by exploiting the absence of 
boundary layers in order to construct a model that uses only four Fourier modes in 
the shear direction, thus substantially reducing the computational cost of simulations 
whilst retaining the fidelity of the essential physics. Conclusions are drawn based on a 
series of carefully designed numerical simulations. 

a
Department of Applied Mathematics, University of Leeds, UK

b
Department of Physics, Brown University, USA 
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Experimental Study of Coherent States in 
Turbulent Pipe Flow

R. Jäckela, B. M. da Silvab, B. Owolabia,
L. Moriconib and J. B. R. Loureiroa

Turbulent pipe flow is still an essentially open area of research, boosted in the last two 
decades by considerable progress achieved both on the experimental and numerical 
frontiers, mainly related to the identification and characterization of coherent 
structures and their possible roles in the statistical features of turbulent fluctuations1,2. 
It has been a challenging task in particle image velocimetry, however, due to 
experimental constraints to probe near-wall coherent structures in circular ducts. Our 
central aim in this work is to address this issue with the help of a large diameter (6 
inches) pipe flow loop, which allows us to go up to Reynolds numbers close to 3 
×104. By conditional averaging the flow field snapshots, we have been able to observe 
the existence of distinct organizational states composed of different configurations of 
counter rotating quasi-streamwise vortices. We present the occurrence of each of 
these states statistically in histograms. Furthermore, we determine the dynamics 
governing the transition between the different states using Markovian model analysis, 
whose results are in good agreement with the aforementioned occurrence statistics.  

a
Mechanical Engineering Program (PEM/COPPE/UFRJ), Centro de Tecnologia 

Bloco 2, C.P. 68503, Cidade Universitária, 21945-970 Rio de Janeiro, RJ, Brazil
b

Instituto de Física, Universidade Federal do Rio de Janeiro, C.P. 68528, Rio de Janeiro, RJ, Brazil 
1 Dennis and Sogaro, Phys. Rev. Lett. 113, 1-5 (2014).
2 Schneider et al., Phys. Rev. E. 75, 1-10 (2007).

Figure 1: Organizational turbulent state showing an azimuthal wave number of 3 at Re 
= 4900. The left image shows the spatial correlation function Ruu, the red level curves 
correspond to Ruu = 0.05 and 0.1 and the blue ones to the opposite sign. The middle 
and right vector fields represent the radial-azimuthal velocity fluctuations and the 
colours in the background represent the streamwise velocity fluctuation. The middle 
image is associated with states that have a positive velocity fluctuation on the initial 
correlation point, and the right image indicates cases where the velocity fluctuations 
have a negative value. 
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Large Eddy Simulation of a buoyant thermal plume: influence of 
the boundary condition at the thermal source 

G. Boyera

Among the canonical flows used to validate fire dynamics simulation softwares, non-
reactive plumes are of particular interest because they allow ensuring that the 
turbulence model correctly reproduces some important features (external air 
entrainment, turbulent heat and mass exchange between the flow and the plume 
source, buoyancy instabilities and transition to a fully developed turbulence), without 
accounting for additional features such as combustion or radiative losses. Indeed, all 
these features may have an influence on the turbulent mixing and, in the context of 
fire simulations, on the reaction rates, on the flame temperature and on the flame 
feedback flux on the fire source (liquid or condensed phase fuels) and secondary 
sources.  
The present work focusses on the large eddy simulation of the thermal plume studied 
experimentally and numerically by Pham et. al.1,2,3. This plume is generated by a hot 
source without injection of fluid mass. Yet, in such a flow, the emergence of turbulent 
structures is directly triggered by millimetre-scale Rayleigh-Taylor instabilities. In spite 
of the relatively small size of the considered thermal source (~10 cm), the grid cell 
sizes used in large eddy simulations to correctly resolve the turbulent motions 
occurring in fully developed turbulence are too large to resolve these instabilities. That 
is why disturbances are generally applied to the boundary condition at the thermal 
source.  
In this context, large eddy simulations of this thermal plume are carried out with the 
CALIF3S-Isis fire simulator software developed at IRSN. Several available disturbance 
models are considered: null disturbance or Fourier modes applied on the Dirichlet 
temperature condition, and blowing surface at fixed temperature with vanishing mass 
flow rate and velocity disturbances modelled by Random Fourier modes. In a first 
step, the grid convergence of the LES is ensured according to the mesh quality 
criterion of Celik et. al.4. Then, the sensitivity of the results to uncertainties on the 
Smagorinsky turbulence model constant is evaluated in the particular context of 
buoyancy-driven turbulence. Finally, the disturbance models are tested and some 
important features are varied (amplitude of the temperature disturbances for the 
Dirichlet condition; amplitude and integral length scale of the Random Fourier 
modes). These parameters have a strong influence on fundamental flow features such 
as the position of the laminar/turbulent transition, the vertical plume width increase 
and the air entrainment ratio.  

a
Institut de Radioprotection et de Sûreté Nucléaire (IRSN), PSN-RES/SA2I/LIE, Cadarache, 13115 

St Paul Lez Durance, France. 
1 Pham et. al., J. Heat Transfer, 127(6): 624-636, 2005 
2 Pham et. al., Phys. Fluids 19, 125103, 2007 
3 Plourde et. al., J. Fluid Mech., vol. 604, pp. 99-123, 2008 
4 Celik et. al., Journal of Fluids Engineering, vol. 127(5), pp. 949-958, 2005
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Bubble breakup after interaction with a vortex-ring 

M. Zednikovaa,b, T. Semlerovaa,b, P. Stanovskya, T. Travnickovaa

and S. Orvalhoa 

Multiphase turbulent flows with vortical structures occur in many industrial 
applications. The knowledge and characterization of the bubble breakup mechanisms 
in such flows are essential to improve the modelling of multiphase systems using 
numerical methods1. The present contribution focus on the study of mechanism of a 
single bubble breaking after interaction with a single vortex-ring. 

The experiment is based on high-speed visualization of the interaction process of a 
bubble rising against a descending vortex-ring (Fig. 1a). The vortex-ring is formed 
using a liquid stream generated at a nozzle immersed in the same liquid. The vortex 
size and energy are evaluated from PTV experiments and obtained results are 
compared with numerical simulations. From the high-speed imaging of the interaction 
process, the size of all bubbles, their deformations, velocities and breakup parameters 
(breakup time and breakup probability) are evaluated2. 

The process is characterized by the Weber number, We (ratio between the vortex-
ring inertia and the bubble capillary force). In the case of high values of We (Fig. 1b), 
the vortex inertial force is dominant and the bubble is sucked into the vortex core, 
where it deforms and breaks into several smaller bubbles. For small We values, the 
bubble surface energy and its buoyancy can be comparable to the vortex-ring inertia 
and two situations may occur: no bubble breakup or the action of all forces causes the 
bubble deformation and breakup (Fig. 1c) with different mechanism as for higher 
Weber numbers. The result of the breakup process (the final number and size 
distribution of daughter bubbles) depends on the size of the mother bubble and on 
the relative position between bubble and vortex-ring. 

a
Czech Acad. Sci., Inst. Chem. Proc. Fundam., Rozvojova 135, Prague 6, Czech Republic 

b
Dept. of Chemical Engineering, UCT Prague, Technicka 6, Prague 6, Czech Republic 

* The research is founded by the Czech Science Foundation through the project 22-29605S.
1 Balachandar and Eaton, Annu. Rev. Fluid Mech. 42, 111-133 (2010).
2 Vejrazka et al., AIChE J. 64, 740-757 (2018).

Figure 1: (a) Illustration of bubble–vortex-ring orientation. (b) Multiple bubble breakup, 

We = 17.5, Db = 2.21 mm. (c) Binary bubble breakup, We = 3.0, Db = 2.21 mm.
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The emptying of an ideal bottle of water in a rotating frame 

A. Caquasa,b, L. Pastura and A. Gentyb

Who hasn't experienced this once in his/her life? Everyone knows that to empty a 
bottle of water faster, all it has to do is rotate it... But is this always true? If the 
evolution of the glug-glug of bottles in the ideal case of a closed cylindrical tank 
without rotation has been widely studied in the literature since Whalley [1], the case 
with rotation is, to our knowledge, very little referenced. It would however be very 
interesting for industrial applications to know the optimal emptying regime of a 
cylindrical tank. We have carried out an experimental study of the emptying of a tank 
sealed at the top in a rotating reference frame. We found that there is an optimal 
rotation velocity Ω for the draining efficiency and that it is not always more efficient 
to rotate the water bottle (Figure 1a). Three different emptying regimes are identified, 
namely a bubble regime (Regime 1), a vortical air jet regime (Regime 2) and a vortex 
emptying regime (Regime 3). The three regimes, characterised by the shape of the air-
water interface (see Figure 1b), have different draining velocity trends and thus three 
different draining efficiencies. The lifetime of each regime, as well as the transitions 
between regimes and stability depend on both the water level and Ω. From the 
observations made on these different experiments, a second protocol was tested to 
improve the emptying time. 

a
Unité de Mécanique, ENSTA Paris, Institut Polytechnique de Paris, Palaiseau, France 

b  Université Paris-Saclay, CEA, Service de Thermo-hydraulique et de Mécanique des Fluides, Gif-sur-
Yvette F-91191, France  

1 Whalley, International journal of multiphase flow, 13,723–728, (1987)

Figure 1. a) Draining time scaled by the case without rotation for two outlet sections. b) 
Sequences of photographs during an experiment, showing the different regimes and their 
transitions.  
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Global pairing instabilities of three interlaced helical vortices 
in the wake of an asymmetric rotor 

A. Abrahama, A. Castillo-Castellanosa and T. Lewekea

Helical vortex filaments are susceptible to various types of instabilities, including 
displacement instabilities, which occur when the vortex core is shifted from its 
baseline position. The theoretical growth rates of unstable displacement perturbation 
modes have long been established for one helix1 and multiple interdigitated helices2, 
but experimental investigations into the dynamics of helical vortices are scarce. 
Quaranta et al. experimentally excited different instability modes using one3- and two4-
bladed rotors to generate helical vortices, and found close agreement with theoretical 
growth rates. The current study investigates the helical vortices in the wake of a three-
bladed rotor, focusing on the zero-wavenumber instability mode, which can be 
triggered by rotor asymmetry. 

This instability is explored using water channel experiments, vortex filament 
simulations, and a simplified point-vortex-based model. In the experiments, vortices 
shed from the tips of a three-bladed rotor with a 9 cm radius are visualised using 
fluorescent dye (figure 1a). The simulations monitor the evolution of helical vortex 
filaments modelled as concentrated material lines of vorticity with an initial 
displacement perturbation. To provide a tool to explore a wide range of perturbations 
quickly, a simplified model using a periodic strip of point vortices to represent a cross-
section of the helical vortex system is developed. Despite its simplicity, it is shown to 
accurately capture the key features of perturbed helical vortex interaction (figure 1b). 

The growth rate and modes obtained using these methods agree well with the 
theory for the zero-wavenumber perturbations. Results of this study show that the 
three-helix system is highly sensitive; small initial perturbations (~5% of the vortex 
separation) substantially disturb the rotor wake within a few turns of the helices. 

a
 IRPHE, Aix-Marseille Université, CNRS, Centrale Marseille, Marseille, France

1 Widnall, J. Fluid Mech. 54, 641 (1972).
2 Gupta and Loewy, AIAA J. 12, 1381 (1974).
3 Quaranta et al., J. Fluid Mech. 780, 687 (2015).
4 Quaranta et al., J. Fluid Mech. 863, 927 (2019).

Figure 1: (a) Dye visualization of the helical vortices in the wake of an asymmetric three-

bladed rotor. (b) Helical vortices reconstructed from the simplified point vortex model. 
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Compressibility effects on vortex breakdown in a lid-rotating 
cylinder 

Shesh N. Dhurandhara, Vishnu Mohana, Manjul Sharmab, and A. 
Sameena 

Vortex breakdown inside a closed cylinder with the top lid rotating is studied using a 
compressible Navier-Stokes solver. Sharma and Sameen1,2 have numerically 
investigated for incompressible flow different regimes of the bubble-type breakdown 
of axial vortices by varying the aspect ratios (ratio of the height of the cylinder to the 
radius of the cylinder, Γ=R/H) and Reynolds number (Re = ωR2/ν, where ω and ν are
angular velocity and kinematic viscosity, respectively). Figure 1(a) compares the 
variation of axial velocity (uz) obtained from simulation against experimental data3 for
incompressible flow for Γ=2.5,  Mach Number, Ma = uθ/(γR’T)1/2=0.1 (where uθ, γ, R’
are maximum tangential velocity at rotating plate, the ratio of specific heat, and gas 
constant, respectively), and Re=2200. Figure 1(b) shows radial variation of axial
velocity at z* =z/H= 0.924. The radial length is non-dimensionalized using R, and
axial velocity is non-dimensionalized using uθ. The simulation accurately captures
vortex bubbles at low Ma. Flow is steady and axis-symmetric at Re=2200. The study
focuses on the effect of subsonic Ma in vortex breakdown. Simulations are performed
for Ma=0.1, 0.3, and 0.5, and various Re. Interesting and counterintuitive
compressibility effects on vortex breakdown bubbles are observed, and the specific 
reason for these observations are discussed in this work. 

a
Dep. Aerospace Engineering, Indian Institute of Technology Madras, Tamil Nadu 60036, India

b
Dep. Applied Mathematics, University of Colorado, Boulder, CO 80309, USA 

1 Sharma and Sameen, J. Fluid Mech. 888, A6 (2020).
2  Sharma and Sameen, Phys. Fluids 33, 6 (2021). 
3  Fujimura et. al. , J. Fluid Eng. 123, 3 (2001). 

      Figure 1: (a) Axial variation of uz at axis (r = 0) (b) Radial variation of uz at z* = 0.924. 
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Asymptotic equations for thin double vorticity layers 

G. R. Bakera, C. Changb, S. G. Llewellyn Smithc and D. I. Pullind 

We develop asymptotic, thin-layer equations that describe the evolution of two 
adjacent, semi-infinite material fluid strips, each with spatially uniform but generally 
differing vorticity. This dipole layer moves in an otherwise irrotational, unbounded 
inviscid incompressible fluid. The configuration is viewed as a simple model for the 
wake formed by two boundary layers separating from a splitter plate. At leading order, 
the closed initial-value, nonlinear, long-wavelength equations describe the dipole layer 
centerline motion together with functions representing both the local thickness-
weighted mean velocity and velocity difference. For unequal far-field velocities, 
stability analysis of the linearized equations reveals Kelvin–Helmholz instability. Equal 
velocities gives a pure dipole layer where solution of the initial-value problem shows a 
double pole in Laplace transform space leading to linear algebraic growth. This agrees 
with the long wavelength limit of the full linearized, three-curve stability equations for 
sinuous modes. The notion of a dipole layer is discussed, and exact solutions in special 
limits are examined. 

a
Department of Mathematics, The Ohio State University, Columbus, OH, USA 

b
Department of Power Mechanical Engineering, National Tsing Hua University, Hsinchu, Taiwan 

c
Department of Mechanical and Aerospace Engineering and Scripps Institution of Oceanography, 

UCSD, La Jolla, CA, USA 
c

4. Graduate Aerospace Laboratories, California Institute of Technology, Pasadena, CA, USA
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Attenuation of the unsteady loading on a high-rise building at 
different angles of attack using pulsed jet forcing 

Xiao Hua and Aimee Morgans a 

With the severity and frequency of significant weather events increasing, it is critical to 
investigate promising methods for alleviating unsteady wind loading for high-rise 
buildings. This study numerically investigates the 3D flow structures around a 
canonical high-rise building immersed in an atmospheric boundary layer at three 
different angles of attack, using wall-resolved large eddy simulations. The effect of the 
downwash flow near the building top surface on the spanwise vortex shedding is 
analysed: the downwash flow could suppress the antisymmetric vortex shedding and 
promote the formation of symmetric vortices. 

Exploiting this idea, an active flow control method using a synthetic jet located on 
the top surface is investigated as a means to suppress the side-force fluctuations of the 
building exposed to oncoming wind variations, via enhancing the downwash flow. 
Open loop active control via harmonic forcing across different frequencies is 
investigated numerically, and its effect on the time-averaged flow fields as well as the 
unsteady flow structures for cases with different angles of attack is explored.  To the 
authors’ knowledge, this work presents a first attempt at employing an active control 
approach using the pulsed jets in the three-dimensional wake of a high-rise building 
which would apply across various wind directions. 

a
Dep. Mechanical Engineering, Imperial College London, SW7 2AZ, London, UK
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An experimental study of the large-scale vortices shed by a 
cylinder oscillating in superfluid helium-4 

J. Blahaa and M. La Mantiaa

Superfluid helium-4 is a remarkable liquid.1,2 It is characterized by extremely small 
values of kinematic viscosity, which can be up to three orders of magnitude smaller 
than those of air. This in essence means that extremely high Reynolds numbers can be 
achieved using relatively compact experimental facilities. However, the liquid 
behaviour does not always resemble that of classical Newtonian fluids, e.g. close 
similarities have been often observed at sufficiently large flow scales.3 
 Here we report an experimental study performed in flow conditions never 
accessed in the past but not too far from those associated to classical-like behaviour in 
previous works,4,5 our aim being to further quantify the range of experimental 
parameters in which Newtonian-like features are observed. 
 We specifically investigate the large-scale vortices shed by a cylinder oscillating in 
the liquid by using the particle tracking velocimetry technique. Relatively small solid 
particles, suspended in the fluid, are illuminated within a thin laser sheet and their 
flow-induced motions are captured by a digital camera. The particles’ motions allow 
then to identify the vortices shed at the cylinder edges and these vortices’ strength is 
later quantified using the recently introduced concept of Lagrangian pseudovorticity,4 
which has been successfully applied to the study of macroscopic vortex rings.6 
 The chosen cylinder is made of transparent plastic and has an elliptical cross-
section, about 20 mm wide and 5 mm high. The imposed oscillations are in the 
vertical direction and the angle between the latter and the cylinder major axis is equal 
to approximately 45 degrees -- the camera field of view is parallel to the cylinder 
cross-section. The amplitude of the oscillations is set to 20 mm and their frequencies 
ranges between about 0.5 and 4 Hz, resulting in Reynolds numbers up to 106 -- note 
in passing that to get in water the same Reynolds number one would need, for 
example, 10 times larger cylinder and fluid velocity. 
 The results obtained to date show that the strength and size of the shed vortices 
depend on the imposed motion frequency in a measurable way, i.e. the vortices shed 
at higher frequencies appear not only to be larger than those shed at lower frequencies 
but seem also to be characterized by larger peak values of Lagrangian pseudovorticity. 
Our future plan is to further investigate the shed vortices position and velocities as a 
function of time and oscillation frequency, especially in view of quantitative 
comparisons with results obtained in classical Newtonian fluids. 

We thank P. Dabnichki for providing the plastic cylinder employed in the study. 

a Faculty of Mathematics and Physics, Charles University, Prague, Czech Republic 
1 Barenghi et al., Proc. Natl Acad. Sci. USA 111, 4647 (2014).
2 Mongiovì et al., Phys. Rep. 726, 1 (2018).
3 Švančara and La Mantia, J. Fluid Mech. 876, R2 (2019).
4 Duda et al., Phys. Rev. B 92, 064519 (2015).
5 Švančara and La Mantia, J. Fluid Mech. 832, 578 (2017).
6 Outrata et al., J. Fluid Mech. 924, A44 (2021).
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Helical vortices with swirl: base flow and instability 

I. Delbendea, Y. Xua, Y. Hattorib and M. Rossic

Helical vortices shed behind turbines and propellers are known to be characterized 
by the presence of an axial jet component within the core1. We first show the 
existence of a helically symmetric family of quasi-equilibria of the Navier-Stokes 
equations. Inviscid relations between vorticity, velocity and streamfunction are 
analytically derived, which generalize relations known for vortex rings2. Through 
Navier–Stokes simulations, it is shown that these relations hold for quasi-steady 
viscous solutions and become independent of the Reynolds number when sufficiently 
large. A procedure aimed at generating such quasi-equilibria with prescribed 
characteristics (circulation, helix radius, helix pitch, vortex core size, swirl level) is 
presented. 

We then focus on the instability waves that grow on top of such vortices. We 
present new numerical results exhibiting various instability modes: long-wave modes 
leaving the vortex core untouched but deforming the helix shape, or short-wave 
modes of elliptic or curvature3 instability that affect the core structure. These latter 
modes have been predicted in the framework of an asymptotic theory via a resonance 
mechanism between a couple of inertial waves propagating along the vortex core and 
the steady strain generated by its curvature4. In numerical results, instability modes 
emerge from white noise. Their structure, growth rate and oscillation frequency are 
compared to the asymptotic theory results. Competition between various modes is 
always present, and depends on parameters such as core size, swirl level, Reynolds 
number. 

a Sorbonne Université, Institut Jean Le Rond d’Alembert, UMR 7190, F-75005, Paris, France 
b Institute of Fluid Science, Tohoku University, Sendai 980-8577, Japan
c CNRS, Institut Jean Le Rond d’Alembert, UMR 7190, F-75005, Paris, France 
1 Quaranta et al., J. Fluid Mech. 863, 927955 (2019)
2 Batchelor, An Introduction to Fluid Dynamics, Cambridge (1967)
3 Fukumoto and Hattori, J. Fluid Mech. 526, 77-115 (2005)
4 Blanco-Rodríguez and Le Dizès, J. Fluid Mech. 804, 224247 (2016); 814, 397415 (2017) 

Figure 1: Three modes of curvature instability obtained by linearized direct numerical 
simulations (vorticity perturbation). 
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Dynamics and instability of vortex torus knots 

A. Castillo-Castellanosa and S. Le Dizèsa

A vortex ring and a helical vortex are examples of ‘stationary’ vortex structures in the 
sense that they move in space without deformation. Their stability with respect to 
long- and short- wavelength perturbations has been studied analytically1, numerically2 
and experimentally3. For systems with multiple vortices or complex geometries, 
stability analyses are relatively scarce. For torus knots (figures 1a-b), simple analytical 
solutions of the localized induction approximation exist, but not for Biot-Savart4. We 
investigate the dynamics and instabilities of torus knots in the latter case. 
 Stationary solutions to Biot-Savart are obtained numerically using the vortex 
filament framework by Durán Venegas and Le Dizès5. We consider vortices in the 
form of thin vortex filaments of finite but small core size and compute the induced 
velocity using a cut-off method. Stationary solutions are obtained by means of a non-
linear minimization process. Global quantities, such as the advection velocity and 
rotation rate, are given in terms of geometric parameters identified in figure 1a. 

Stability with respect to long- and short-wavelength perturbations is investigated 
by means of temporal spectral analysis of BS equations and direct numerical 
simulations of Euler equations, respectively. The transition towards the non-linear 
regime is also analyzed. 

(a) (b) 

Figure 1: (a) Top view of a torus knot with radius R, separation distance d, core size a and 
β=2π/θ. (b) Schematic representation of a torus knot with R/d=4, a/d=0.1, and β=2. 

a Aix Marseille Université, CNRS, Centrale Marseille, IRPHE, Marseille, France 
1 Widnall, J. Fluid Mech. 54, 641 (1972).
2 Ivanell et al., Wind Energ. 13, 705-715(2010).
3 Quaranta et al., J. Fluid Mech. 863, 927 (2019)
4 Ricca et al, J. Fluid Mech. 391, 29-44 (1999).
5 Durán Venegas and Le Dizès, J. Fluid Mech. 865, 523-545 (2019).
6 Castillo-Castellanos et al., Phys. Rev. Fluids. 6, 11 (2021).
7 Castillo-Castellanos and Le Dizès, Submitted to J. Fluid Mech. (2022).
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Experiments on a helical vortex pair influenced by centrifugal 
instabilities  

D. Schrödera, T. Lewekeb and E. Stumpfa

Results of an experimental analysis of various helical vortex configurations are 
presented. A one-bladed rotor, modified with a parametric fin to generate a system of 
two closely spaced helical tip vortices, is investigated in a recirculation water tunnel in 
the hover regime. This study aims at a fundamental physical understanding of the 
interactions of such vortex configurations, in order to explore mechanisms to reduce 
the negative effects of Blade-Vortex-Interactions (noise, unsteady loads) found in rotor 
operation. The properties of the vortex system, such as separation distance and 
circulations, can be influenced by the choice of the fin parameters (geometry, position). 
The initially separated vortices ultimately merge into a single vortex exhibiting an 
increased core radius and reduced velocity gradients, resulting in less severe interactions 
with a following blade, in comparison to an unmodified tip vortex. In previous 
studies1,2, the presence of a centrifugal instability was observed, induced by a counter-
rotating vorticity sheet related to the presence of the fin, and leading to a significant 
core growth for both vortices prior to the onset of the merging process. A subsequent 
volumetric analysis revealed the formation of secondary vortex structures adjacent to 
both cores during the growth phase, which are a consequence of the centrifugal 
instability. The characteristics and development of these structures and their effect on 
the pair were investigated in detail, the results are presented in this contribution. 

a
Institute of Aerospace Systems, RWTH Aachen University, 52062 Aachen, Germany 

b
IRPHE, CNRS, Aix-Marseille Université, Centrale Marseille, 13384 Marseille, France 

1 Schröder et al., CEAS Aeronaut. J. 13, 97-112 (2009).
2 Schröder et al., J. Phys. Conf. Ser. 1934 012007 (2021).

Figure 1: (a) Dye visualisation of the modified rotor wake1. (b) Vortex structures obtained from 

tomographic PIV measurements, visualised using the Q-criterion. 
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On the role of continuous symmetries in the solution of the 
3D Euler fluid equations and related models 

Miguel D. Bustamantea 

We review the continuous symmetry approach based on Sophus Lie’s transformation 
theory, and apply it to find the solution of the 3D Euler fluid equations in several 
instances of interest, via the construction of constants of motion and infinitesimal 
symmetries, without recourse to Noether’s theorem, in a setup that allows for unsteady 
flows as well as unsteady infinitesimal symmetries. Roughly speaking, an infinitesimal 
symmetry is a vector field that is continuously transported along the flow.

When the flow admits two linearly independent infinitesimal symmetries, we obtain a 
number of general results: 
(i) If these symmetries commute, then we construct a constant of motion for the flow.
(ii) If these symmetries do not commute, then we construct a new infinitesimal
symmetry and can repeat the search (i) with a new pair of symmetries, or repeat the
search (ii) to find a complete Lie algebra of infinitesimal symmetries.

Another general result, of remarkable geometrical and dynamical importance for both 
steady and unsteady flows, is that the vorticity field is an infinitesimal symmetry of 
the flow. 

Therefore, if the flow admits another infinitesimal symmetry other than the vorticity, 
then by points (i) and (ii) above one can construct new constants of motion and/or a 
Lie algebra of new symmetries. For steady Euler flows this leads directly to the 
distinction of (non-)Beltrami flows: an example is given where the topology of the 
spatial manifold determines whether extra infinitesimal symmetries can be constructed. 

Concerning unsteady flows, we study the stagnation-point-type exact solution of
the 3D Euler fluid equations introduced by Gibbon et al.1 along with a one-parameter
generalisation of it introduced by Mulungye et al.2 These models are relevant in 
applications such as flow separation out of a surface. Applying the continuous
symmetry approach to these models allows for the explicit construction of constants of 
motion and the subsequent knowledge of the fields (vorticity, its stretching rate, 
and the back-to-labels map) along pathlines, revealing a fine structure of finite-time
and infinite-time blowup, depending on the value of the free parameter and on the initial 
conditions. A remarkable formula for the blowup time is obtained, which shows
how the flow evolution’s regularity depends on the initial conditions. We produce 
explicit blowup exponents and prefactors for a generic type of initial conditions. 

This work will appear in Philosophical Transactions A (doi: 10.1098/rsta.2021.0050). 

a
School of Mathematics and Statistics, University College Dublin, Belfield, Dublin 4, Ireland 

1 Gibbon, Fokas and Doering, Physica D 132, 497 (1999).
2 Mulungye, Lucas and Bustamante, J. Fluid Mech. 771, 468 (2015).
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Spatio-temporal symmetry-breaking in 
  the flow past an oscillating cylinder 

Matthias Heila,  Andrew Hazela,  Puneet Matharua 

We study the flow past a cylinder whose axis undergoes prescribed oscillations in a 
direction transverse to the oncoming flow in a regime where the flow is two 
dimensional. When the cylinder is stationary (i.e. if the amplitude, A, of the oscillation
vanishes) vortices are shed periodically in a so-called 2S pattern.  
An increase in A beyond a certain threshold is known to lead to a change in the topology
of the vortex shedding: the 2S pattern becomes a P+S patternb; see Fig. 1.  

We employ a space-time discretisation to directly compute time-periodic solutions of 
the Navier--Stokes equations and demonstrate that the transition between the two 
vortex shedding patterns arises through a spatio-temporal-symmetry-breaking 
bifurcation of the time-periodic 2S solution. Surprisingly, the P+S solution is found to 
exist only for a finite range of amplitudes, and eventually it reconnects with the 2S 
solution branch via a second symmetry-breaking bifurcation. There are ranges of 
amplitudes over which the system is bistable and both 2S and P+S could, in principle, 
be seen in experiments. As the Reynolds number is reduced, the 2S and P+S branches 
disconnect, but a bistable region remains until the isolated P+S solutions ultimately 
disappear, leaving only the 2S solution.  

Fig. 1: Snapshots of the vortex shedding patterns at a Reynolds number of Re=100  for
various oscillation amplitudes, A.

a Dept. of Mathematics, Univ. of Manchester, Manchester M13 9PL, UK. 
b Leontini, JS et al. Physics of Fluids 9, 067101 (2006)  
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Investigation of pulsatile flow structure in closed-type cavity 

Justas Šereikaa, Paulius Vilkinisa, Nerijus Pedišiusa 

Experimental and numerical investigation of pulsatile flow in a channel with sudden 

expansion and contraction is performed in Reynolds number range of 50 – 1650, covering 

both laminar and transitional flow regimes. The geometry is referred to as a closed-type 

cavity with a length-to-depth ratio L/h1 = 16. Experiments and numerical simulations are

performed in the Womersley number range of 0.28 – 0.62, which corresponds to pulsation 

frequency f = 1 – 5 Hz. A constant pulsation amplitude of A = 100% was ensured in both

experiments and numerical simulations. During the experiments and numerical simulations, 

pulsations were achieved by changing the inlet velocity in sinusoidal pulses. The focus of 

the investigation is directed towards the influence of pulsations on time-averaged 

recirculation zone length and the development of recirculation zone as well as the dynamics 

of upper and corner eddies during the pulsation cycle. Experimental results show that in 

the transitional flow regime pulsations tend to decrease the time-averaged recirculation zone 

length. Conversely, in the laminar flow regime, the effect is negligible. The recirculation 

zone and corner eddy development numerical analysis highlighted the development lag 

effect which is observed at certain velocity phase angles. It is shown that higher inlet 

pulsation frequency causes late recirculation zone development than cases with lower 

pulsation frequency. Additionally, the investigation of flow structure revealed that 

pulsations strengthen interactions between the recirculation zone and upper eddy, therefore 

decreasing the stability of the flow.  

a Laboratory of Heat-Equipment Research and Testing, Lithuanian Energy Institute, Breslaujos str. 3 Kaunas,

LT-44403, Lithuania.mailto:nerijus.pedisius@lei.lt  
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A vorticity wave packet breaking within a 
rapidly rotating vortex 

P. L. Caillola

This study considers the interaction between a free vorticity wave packet and a rapidly 
rotating vortex in the slowly-evolving regime, a long time after the initial, unsteady, 
and strong interaction. The interaction starts when the amplitude modulated neutral 
mode enters resonance with the vortex on a spiralling critical surface, where the phase 
angular speed is equal to the rotation frequency. The singularity in the modal equation 
on this asymmetric surface strongly modifies the flow in its neighbourhood, the three-
dimensional helical critical layer, the region where the wave/vortex interaction occurs. 
This interaction generates a vertically sheared 3D mean flow of higher amplitude than 
the wave packet. The chosen envelope regime assumes the formation of a mean radial 
velocity of the same order as the wave packet amplitude, deviating the streamlines in a 
spiral way with respect to the rotational wind. Through matched asymptotic 
expansions, we find an analytical solution of the leading-order motion equations inside 
the 3D critical layer. The system of the coupled evolution equations of the wave 
amplitude and the low-order critical layer-induced mean flow on the critical radius has 
been derived in the quasi-steady regime. The main outcome of the first-order mean 
flow truncated system resolution is that the wave packet/vortex interaction leads to a 
fast vorticity wave breaking. The vertical wind shear has the highest effect on the 
wave/mean flow interaction. When the shear is moderate, it enhances intensification 
but when it is very large, it prohibits it in both the unsteady and slowly evolving 
stages. 

a
Dep. Fundamental Sciences, UBB, 720 Andrés Bello Ave., Chillán, Chile
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The Dual Effect of Rain and Wind on Waves in a Small Lake 
C. Bergina, V. Pakrashib and F. Diasa,c

Intense rain combined with low wind speeds causes wave amplitudes in the gravity-

capillary range to be damped. Currently, there exists a debate as to what extent rain has 

an effect on such waves. It is not possible for scaled laboratory experiments in wave 

tanks to replicate the complex, natural and full-scale behavior of ocean waves. These 

dual effects have been studied in the laboratory, but, until now, there has been almost 

no experiments with naturally occurring waves and weather conditions. A field 

experiment was designed in a small lake, both in perimeter and depth, that examines the 

effects of rain and wind on low amplitude waves. The experimental set-up helps to 

alleviate unwanted variable restrictions otherwise imposed by the laboratory. The rain, 

wind and significant wave height readings at the small lake eliminate previous inaccurate 

laboratory results arising from inaccurate rain drop size spectra, lack of wind gusts or 

interference from wave-tank walls. Our experimental aim was to investigate the 

thresholds of both rain intensity and wind speed, including the case of no wind, that are 

needed to both damp and enhance the amplitude of gravity-capillary scale water waves. 

The research was carried out by examining wave and weather data from naturally 

occurring rainfall events. Trends in threshold wind speeds and rain rates are being 

detected in this preliminary experiment. The results indicate where further field 

investigations are needed to understand how the combined effects of rain and wind 

impact on ocean waves. Experiments will be repeated, and data analyzed before the 

conference. 

a School of Mathematics and Statistics, University College Dublin, Belfield, Dublin, Ireland
b School of Mechanical and Materials Engineering, UCD Centre for Mechanics, University College 

Dublin, Belfield, Dublin, Ireland
c ENS Paris-Saclay, CNRS, Centre Borelli, Université Paris-Saclay, Gif-sur-Yvette 91190, France 
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Helmholtz resonator analogue for water waves

L.-P. Euvéa,b, K. Phamc, P. Petitjeansa, V. Pagneuxd, and A. Maurele 

We present a theoretical and experimental study of a resonator of the Helmholtz type 
for the wave control. The resonator geometry is presented in figure 1. An 
experimental demonstration of the shielding effect by a belt made of evenly 
distributed resonators is given. We then provide in-depth analysis of the Fano 
resonance resulting from the interference between the dock scattering (the 
background) and the resonant cavity scattering. This is done thanks to space–time 
resolved experiments which provides the complex valued scattering coefficients and 
amplitude within the resonator. We provide a one-dimensional model derived in the 
shallow water regime owing to asymptotic analysis. The model contains the two 
ingredients of the Fano resonance and allows us to exhibit the damping due to 
leakage. When adding heuristically the damping due to losses, it reproduces the main 
features of the resonance observed experimentally (see figure 2). Those results are 
reported in Euvé et al.1,2. 

Figure 1: Picture of the experiment showing the resonator geometry. The red arrow indicates 

the direction of the incident wave. 

Figure 2: Transmission (left) and reflection (right) coefficient versus the incident wavelength. 

Circles show the experimental measurements; dashed lines show the numerical results without 
losses and plain lines the numerical results with losses within the cavity. 

a
PMMH, ESPCI, Sorbonne Université, Université PSL, 1 rue Jussieu, 75005 Paris, France

b
Bluerium, Av. L. Philibert, 13100 Aix-en-Provence, France

c
ENSTA Paris, 828 Bd des Maréchaux, 91732 Palaiseau, France 

d
Lab. d’Acoustique de l’Université du Mans (LAUM), Av. O. Messiaen, 72085 Le Mans 

e
Institut Langevin, ESPCI Paris, Université PSL, CNRS, 1 rue Jussieu, 75005 Paris, France 

1 Euvé et al., J. Fluid Mech 920, A22 (2021), 
2 Euvé et al., MDPI crystals 111, 520 (2021). 
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Transient total absorption for water waves: a two port setup 

L.-P. Euvéa,b, A. Maurelc, P. Petitjeansa, and V. Pagneuxd

We show, experimentally, the possibility to observe a transient total absorption of a 
wave exciting scattering zeros at a complex frequency in a two ports setup. Those 
scattering zeros are accessible sending an incident wave with a temporal shape envelop 
(divergent exponential) toward a resonant cavity. The transient total absorption leads 
to the capacity to store wave energy in a cavity and to release it when the incident 
wave signal is stopped. This idea, first introduced in optics and named coherent virtual 
absorption CVA1, is applied here in water waves physics. To obtain CVA, a one port 
system is used inducing that the scattered wave (reflected wave) is always 
superimposed to the incident wave. In the present study, we would like to extend this 
idea and to obtain situation where there is a part without incident wave. To do so, we 
use a two ports system (geometry shown in figure 1 right) and we implement a virtual 
barrier: a system where the transmission can be tuned to zero due to temporal shaping 
of the incident wave. Choosing the right cavity geometry, the scattering zeros 
corresponding to the transmission and the reflection can occurred at the same 
complex frequency leading to transient total absorption. The experimental results 
show that the incident energy is stored with no transmission or reflection and then 
released through the two ports when the excitation of the cavity by the incident wave 
is stopped (figure 1).  

Figure 1: Experimental results. Left: Time signal sent by the wavemaker. Center: Space-time 
diagram showing the incident wave with no reflection and transmission before the released 
time t=0s. The two vertical black line indicates the position of the cavity. Amplitude in mm. 
Right: Snapshots at different times (black dotted lines in the space-time diagram).  

a
PMMH, ESPCI, Sorbonne Université, Université PSL, 1 rue Jussieu, 75005 Paris, France

b
Bluerium, Av. L. Philibert, 13100 Aix-en-Provence, France

c
Institut Langevin, ESPCI Paris, Université PSL, CNRS, 1 rue Jussieu, 75005 Paris, France 

d
Lab. d’Acoustique de l’Université du Mans (LAUM), Av. O. Messiaen, 72085 Le Mans 

1 Baranov et al., Optica 4, 1457 (2017). 
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Incipient wave breaking within higher-order spectral methods
T. Kokinaa, J. N. Steera, S. A. Hasana and F. Diasa,b

Higher-order spectral methods (HOSM)1 exploit the Fourier transform to efficiently 
solve the free surface boundary conditions of large periodic domains, including large-
scale multi-directional ocean wave fields2. The HOSM models nonlinear wave-wave 
interactions using an arbitrary order of expansion in wave steepness about the still water 
level3. While high-order expansions give the HOSM great accuracy in modelling steep 
waves and their nonlinear effects, increasingly large wavenumber domains are required 
to do so1. Inherently, the HOSM cannot model overturning waves and therefore 
different filtering techniques have often been used to imitate the dissipative effects of 
breaking4,5,6. To implement a local, phase-resolved model of wave breaking in the 
HOSM, incipient breaking waves must first be identified, and their accuracy assessed7. 

The main aim of this study was to determine if wave breaking onset could be 
accurately identified within a HOSM and the numerical parameters required to model 
such steep waves accurately. Several unidirectional focused groups, defined by the crest 
steepness at focus and spectral bandwidth, were simulated using a HOSM. Test cases 
were split into two groups – narrow and wide banded – each containing cases with 
increasing steepness at focus and several orders of numerical expansion. The ratio, B11 

of particle velocity, U to local crest speed, c was evaluated at each crest in the HOSM. 
It was found that the B ratio measured in the steepest HOSM crests converged as the 
numerical expansion levels were increased. It was noted HOSM was displaying 
unphysical results in the surface elevation once the suspected breaking was happening, 
hence the HOSM test cases will be compared to a boundary integral equation method 
(BIEM)8,9,10, a strongly non-linear solver capable of modelling wave overturning. This 
comparison is currently ongoing, and the overturning cases are being assessed in terms 
of the error between the HOSM and BIEM breaking ratio. Early results are indicating 
the successful modelling and identification of incipient breaking waves in a HOSM 
model. 

a
School of Mathematics and Statistics, University College Dublin, Belfield, Dublin 4, Ireland

b
ENS Paris-Saclay, CNRS, Centre Borelli, Université Paris-Saclay, Gif-sur-Yvette 91190, France 

1 West, et al, J. Geophys. Res. Ocean., 92, 11803, (1987).
2 Fedele, et al, Sci. Rep., 6, 27715, (2016).
3 Dommermuth and Yue. J. Fluid Mech., 184, 267, (1987).
4 Xiao, et al, J. Fluid Mech., 720, 3357, (2013).
5 Guyenne and Nicholls, SIAM J. Sci. Comput. 30, 81, (2007).
6 Gemmrich and Monahan, Journal of Physical Oceanography 51(2), 269, (2021).
7 Seiffert et al., Ocean Modelling, 119, 94, (2017).
8 Grilli, et al., International Journal for Numerical Methods in Fluids 35(7), 829, (2001).
9 Geng, et al. Phys. of Fluids 33(3), 037129, (2021).
10 Geng, et al. J. Fluid Mech 935, A23, (2022).
11 Barthelemy, et al, J. Fluid Mech., 841, 463, (2018).
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How to achieve total transmission in a waveguide with a twist: an 
experimental demonstration

S. Kuchera, A. Koźluka,b, A. Maurelc, P. Petitjeansa and V. Pagneuxd

We study experimentally and numerically the propagation of water waves along a 
channel with two perpendicular turns, as shown in Fig. 1. When the wave reaches the 
first turn, there is a reflected wave (Fig. 1(left)). We show that it is possible to achieve 
total transmission in such geometries (Fig. 1(right)), in agreement with a recent 
theoretical prediction.1 In order to avoid the reflection that naturally arises at that 
point of the waveguide, a simple metamaterial made of closely-spaced thin vertical 
plates is used. This metamaterial acts like a negative-refraction index media, producing 
a waveshift across it. This phenomenon is not restricted only to surface waves but also 
applies to any type of waves. Furthermore, the efficiency of this arrangement does not 
depend on the frequency of the incident wave, as long as its wavelength is much larger 
than the spacing between the plates. A similar problem has been studied before2, 
showing that a submerged metabathymetry can be used to produce a reflectionless 
bent waveguide for small bending angles. The measurements of the free surface 
deformation are taken using the Fourier Transform Profilometry method3 and are 
compared with simulations made with the Finite Element Method, showing a good 
agreement. 

Figure 1: Experimental measurement of the free surface deformation at the forcing frequency 
for a configuration without (left) and with (right) the plate array metamaterial, showing the 
directions of the incident, reflected and transmitted waves. 

a
Laboratoire de Physique et Mécanique des Milieux Hétérogènes, UMR CNRS 7636, ESPCI-Paris, 

Université PSL, Sorbonne Université, 75005 Paris, France
b

Warsaw University of Technology, Institute of Aeronautics and Applied Mechanics, 00-665 

Warsaw, Poland 
c

Institut Langevin, UMR CNRS 7587, ESPCI-Paris, 75005 Paris, France 
d

Laboratoire d’Acoustique de l’Université du Maine, UMR CNRS 6613, 72085 Le Mans, France 
1 Porter, Wave Motion 100, 102673 (2021).
2 Berraquero et al., Physical Review E 88(5), 1–5 (2013).
3 Cobelli et al., Exp. in Fluids 46(6), 1037-1047 (2009).
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Wave drag during an unsteady motion 
Antoine Dodea,c, Rémi Carmignianib, Caroline Cohena, Christophe 

Claneta and Lydéric Bocquetc 

The average wave drag in unsteady motion is studied experimentally with force 
measurements. Towing hulls of size L at sinusoidal speed, the mean drag is measured 
for different amplitudes and frequencies of the fluctuating velocity, as well as different 

Froude numbers F associated with the mean velocity V (F=V/√gL). The wave drag is 
reported to be either increased or decreased by velocity fluctuations depending on the 
Froude number F. For small fluctuation amplitudes, this drag change is proportional 
to the square of the amplitude. The effect is maximized for a resonance frequency 

identified as the Wehausen frequency, that scales as √gL times the inverse of the 
Froude number. All these results are rationalized by developing an extension to 
Havelock's theory. 

a
LadHyX,  CNRS, Ecole Polytechnique, Institut Polytechnique de Paris, UMR 7646, 91128 

Palaiseau, France.
b

LHSV, Ecole des Ponts, EDF R&D, 78401 Chatou, France. 
c
 Laboratoire de Physique de l’Ecole Normale Supérieure, ENS, Université PSL, CNRS, Sorbonne 

Université, Université de Paris, F-75005 Paris, France. 

Figure 1: (a) Example of unsteady regime associated to oar propulsion. Men double sculls 

(Hugo Boucheron & Matthieu Androdias, FRA). The wake, visible on the sides of the hull, is 
related to the velocity of the boat. (b) Evolution of the speed of a single scull over three 
propulsion cycles. (c) Setup presentation: side view of the system. (d) Payload velocity during 
an unsteady measurement. 
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On the limiting configuration of waves at the air/water interface 
F. Diasa, X.Guanb, J.-M. Vanden-Broeck and Z. Wangc

The limiting configuration of interfacial solitary waves between two homogeneous 

fluids consisting of a sharp 120◦ angle with an enclosed bubble of stagnant heavier fluid 

on top was investigated numerically by Guan et al. (J. Fluid Mech., vol. 921, 2021, A9).

A boundary integral equation method was used to compute the almost limiting profiles 

which are nearly self-intersecting. To further study the local configuration of the limiting 

profile, a reduced model that replaces the 120◦ angle with two straight solid walls 

intersecting at the bottom of the bubble was proposed. What is quite remarkable is that 

for small density ratios like the ratio of air density to water density there is formation of 

a concentrated ‘nipple’ on top of the wave (see figure 1). We believe that this 

configuration could be relevant to wave breaking. In nature, the nipple will then bend 

and splash on the sea surface, which forms foam and spume. Some interesting dynamics 

arising from the instability of interfacial solitary waves at small density ratios is likely to 

occur. 

Figure 1. Formation of a nipple on top of an interfacial wave. Similarity solutions for a density ratio 
decreasing from 0.9, 0.8, 0.6, 0.3, 0.1, the smallest bubble being for a density ratio of 0.1.

a School of Mathematics and Statistics, University College Dublin, Belfield, Dublin, Ireland and ENS 

Paris-Saclay, CNRS, Centre Borelli, Université Paris-Saclay, Gif-sur-Yvette 91190, France
b Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190, PR China
c Department of Mathematics, University College London, London WC1E 6BT, UK 
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Young wind waves on along- and counter-wind current 

K. Kumaraband L. Shemera

Waves that evolve with fetch under steady wind forcing over water flowing at a 
constant rate are studied experimentally. The facility consists of a wind tunnel with a 
computer-controlled blower atop of a 5 m long, 0.4 m wide, and 0.5 m high test section. 
A computer-controlled pump supplies water flow; the flow direction in the test section 
is set using valves. Wave gauges measure instantaneous surface elevation at numerous 
locations along the tank; for more details about the facility and experimental procedure 
see.1,2

 Local mean vertical air velocity profiles Ua (z) are measured at densely spaced
elevations at several fetches along the tank for each blower and water pump settings. 
Surface drift velocity Us is estimated using nearly neutrally buoyant flat tracers by
Particle Tracking Velocimetry; mean local velocity profiles Uw(z) in water at different
flow conditions and fetches x are measured using Particle Image Velocimetry.

The characteristic wave amplitudes ηrms along the tank are nearly identical for waves
excited by wind blowing over stagnant water, Uw = 0 cm/s, and in a presence of
moderate current in the wind direction, Uw = +10 cm/s. For water flowing against the
wind, Uw = -10 cm/s, the values of ηrms are notably higher, Fig. 1a. The existence of
recently reported wall similarity in turbulent boundary layers of airflow over wind-

waves3 is examined in Fig. 1b where the dimensionless air velocity defect profile 𝑈𝑎,0
+ −

𝑈𝑎
+ is plotted for a constant free stream air velocity U0 and different current velocities

Uw at x=250 cm, Fig. 1b. The friction velocities 𝑢∗ are determined from the measured
air velocity profiles. The results suggest that wall similarity may exist in airflow over 
wind waves even in the presence of current. Surface drift velocity Us measured at several
locations remains nearly constant along the tank, Fig. 1c. 

a
School of Mech. Eng., Tel Aviv University, Tel Aviv 69978, Israel

1 Liberzon and Shemer, J. Fluid Mech. 681, 462 (2011).
2 Zavadsky and Shemer, J. Geophys. Res. 117, C00J19 (2012).
3 Geva and Shemer, J. Fluid Mech. 935, A42 (2022).

Figure 1: (a) Characteristic wave amplitude ηrms along the tank. (b) Velocity defect profile at

x=100 cm and 250 cm; for Ua=4 m/s and Uw=0 and ±3, 9, 10 cm/s. (c) Surface drift velocity
along the tank for Ua=10.3 m/s and Uw=±10 cm/s.
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Nonlinear Standing Internal Waves 

E. Zemachb, S. Kalenkoab and L. Shemera

Internal waves in stratified fluid contribute substantially to mixing and vertical mass and 
momentum redistribution in oceans and atmosphere. The non-penetration boundary 
conditions in a narrow rectangular basin with width b prescribe discrete spectrum of

standing waves with wavenumbers ki=iπ/b, i being the wave mode. Waves excited by a
wavemaker in a facility illuminated uniformly by a LED panel, see Fig. 1(a), undergo 
resonant amplification1. Each run starts when fluid is stagnant and the stratification in 
the tank is effectively two-layer. The lower layer is dyed with fluorescent dye. Edge 
detection procedure applied on each frame recorded by the camera allows 
determination of the instantaneous interface denoted by a black line in the inset of Fig. 
1(a). High precision temperature and conductivity probe measures the actual vertical 
density profile.  
The movements of computer-controlled of density probe and of the cylindrical 
wavemaker are synchronized with the camera allowing obtaining the phase relations 
between the wavemaker motion and the internal wave. The wavemaker is operated close 
to the natural frequency fi for i=3 or i=4 that is calculated for the measured density
profile.  The wave crest amplitudes obtained from the temporal records of the vertical 
interface displacement around the resonant frequency plotted in Fig. 1(b) for two 
wavemaker amplitudes show amplitude-dependent downshifting of the peak frequency. 
At higher wavemaker amplitudes, nonlinear resonant triad interactions excite additional 
modes.  

Figure 1. (a) Sketch of the experimental setup and a video snapshot. (b) Crest amplitudes as a 

function of normalized wavemaker frequency f, for two wavemaker amplitudes s.

a
School of Mechanical Engineering, Tel-Aviv University, Tel-Aviv 6997801, Israel 

b
 Soreq Nuclear Research Center (SNRC), Yavne 81800, Israel 

1 Geva et al., Phys. Fluids 33, 022102 (2021).
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Experimental investigation of internal wave resonant triads for 
quadratic vertical density profiles. 

Dheeraj Varmaa, Adrien Rosparsa, Corentin Pacarya , Thierry Dauxoisa

and Sylvain Joubauda 

Nonlinear interactions of oceanic internal waves result in the transfer of energy to 
various other length scales and time scales. Experimental studies on nonlinear 
interactions of internal waves most often consider linear vertical density profiles, 
which is seldom the case in the ocean. We present an experimental study on the effect 
of quadratic vertical density profile, on the excitation of subharmonic- and 
superharmonic resonant waves, resulting from nonlinear interactions of internal wave 
modes. A single or a combination of two horizontally propagating vertical internal 
wave modes (compatible with the prescribed density profile) are forced from one end 
of the tank using the wave generator at a given forcing frequency, to observe wave 
propagation and subsequent transfer of energy (or lack thereof) to higher or lower 
frequencies due to triadic resonance. The frequency regimes at which the forced 
internal wave mode is partially propagating upto certain depth (and evanescent at 
other depths) are also considered to study the implications on Triadic Resonant 
Instability (TRI) and superharmonic wave excitation. We also experimentally 
demonstrate that even a single mode (mode-3) could resonantly self-interact to excite 
a superharmonic wave at twice the forcing frequency for a quadratic vertical density 
profile, which is inhibited in the case of linear vertical density profile. When a 
combination of two modes (mode-3 + mode-4) were forced over a range of frequency 
values, multiple resonant frequency peaks were observed, each corresponding to a 
specific superharmonic mode at twice the forcing frequency. The resonant peak 
frequencies at which the strength of superharmonic signal is maximum, and their 
corresponding vertical structure of the superharmonic internal wave mode, 
qualitatively agrees with the theoretical predictions obtained from the weakly 
nonlinear analysis. We conclude with a discussion on how the observed experimental 
results for a quadratic vertical density profile could be generalized to other nonlinear 
vertical density profiles. 

a
Univ de Lyon, ENS de Lyon, Univ Claude Bernard, CNRS, Laboratoire de Physique, F-69342 

Lyon, France
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The subcritical transition to turbulence of Faraday waves in 
miscible fluids1  

M. Caveliera, B.-J Gréaa, A. Briarda and L. Gostiauxb

We study the development and the breaking process of standing waves at the interface 
between two miscible fluids of small density contrast (see Fig. 1). In our experiment, a 
subharmonic wave is generated by a time-periodic vertical acceleration via the Faraday 
instability. It is shown that its wavelength may be selected not only by the linear process 
predicted by the Floquet theory and favouring the most unstable modes allowed by the 
tank geometry, but also by a nonlinear mode competition mechanism giving the 
preference to subcritical modes. Subsequently, as the standing wave amplitude grows, a 
secondary destabilization process occurs at smaller scales and produces turbulent 
mixing at the nodes. We explain this phenomenon as a subcritical parametric resonance 
instability. Different approaches derived from local and global stability analysis are 
proposed to predict the critical wave steepness. These theories are then assessed against 
various numerical and experimental data varying the frequencies and amplitudes of the 
forcing acceleration.  

_________________________________ 
aCEA, DAM, DIF, F-91297 Arpajon, France 
bUniv Lyon, CNRS, École Centrale de Lyon, INSA Lyon, Univ Claude  
1Cavelier, M., Gréa, B., Briard, A., & Gostiaux, L. (2022). Journal of Fluid Mechanics, 934, A34.

Bernard Lyon 1, LMFA, UMR5509, F-69134 Écully, France 

Fig. 1: Growth and breaking of a Faraday wave in the 

FARAMIX experiment. 
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a
Department of Chemical Engineering, Indian Institute of Technology, Bombay, Powai 400076, India 

1 Patankar et al., Journal of Fluid Mechanics, 857:80, (2018).
2  Patankar S. et al., (2022),  (Under revision).
3 K. Kumar and L. S. Tuckerman,. Journal of Fluid Mechanics, 279:49, (1994). 

A non-local equation governing perturbations on a liquid cylinder 
Sagar Patankara,  Saswata Basaka, and Ratul Dasguptaa 

Faraday waves on a liquid cylindrical interface subject to a radial, oscillatory body force 
were first reported analytically and computationally in [1]. Linear stability analysis leads 
to the Mathieu equation governing Faraday instability on a cylinder [1]. Here, we derive 
the viscous extension of this [2] obtaining an equation with two memory terms:

Here 𝑎𝑚(𝑡; 𝑘) governs the amplitude of Fourier modes of axial wavenumber 𝑘  and

azimuthal wavenumber 𝑚 on a liquid cylinder of density 𝜌 , surface-tension 𝑇 , 

viscosity 𝜇 and radius 𝑅0 being subject to a radial, oscillatory body force (per unit mass)

of the form  𝐹𝑏 = −ℎ cos(Ω𝑡)   (
𝑟

𝑅0
) 𝑒𝑟. Numerical solution to this equation are

obtained for axisymmetric Rayleigh-Plateau (RP) unstable modes stabilized through 

forcing (fig. 1b) as well as stable three-dimensional modes (fig. 1(c)). Floquet analysis of 

this system is also conducted following [3] and the viscous stability chart is depicted in 

fig. 1(a). The excellent agreement with Direct numerical simulations (DNS) is apparent 

in fig. 1(b) for RP mode stabilisation [2]. For the non-axisymmetric modes forced at a 

level where parametric instability has not yet set in, fig. 1(c) shows DNS comparison of 

equation (1) for m=2 with and without memory terms. The relatively large contribution 

from the memory term is apparent and the origin of this will be discussed at the meeting. 

(a) (b) 

(c) 

Figure 1. Fluid parameters silicone –oil,  𝜌 = 0.957,  𝜇 = 0.1,  𝑇  = 20.7,  𝑅0 = 0.2,
a) Stability chart for 𝑚 =0, b) Stabilsation of RP mode 𝑘 = 4.8, c)  Stable configuration for 𝑘
= 10, 𝑚 =2 mode.
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Generation of gravity waves by pedal wavemakers 

A. Ledesma Araujo a, Isis Vivanco a, Bruce Cartwright b,c, Leonardo
Gordillo a and Juan F. Marin a 

Experimental wave generation in rectangular channels is usually achieved through 
wavemakers (moving paddles) acting on the lateral surface of the water. Although 
practical for experimental development, wavemakers have issues: they perform poorly 
in the generation of long waves and create evanescent waves in their vicinity. In this 
talk, we introduce a framework for wave generation through the action of an 
underwater multipoint mechanism: the pedal-wavemaking method. Our multipoint 
action makes each point of the bottom move with a prescribed pedalling-like motion. 
We analyse the linear response of waves in a finite-depth uniform channel in terms of 
the wavelength of the bottom action. The framework naturally solves the problem of 
the performance for long waves and replaces evanescent waves by thin boundary 
layers at the bottom. We also show that proper synchronisation of the orbital motion 
on the bottom can produce waves that mimic deep water waves. This last feature has 
been proved to be useful to study fluid–structure interaction in simulations based on 
smoothed particle hydrodynamics. 

a Departamento de Física, Universidad de Santiago de Chile, Santiago, Chile 
b Pacific Engineering Systems International, Glebe, NSW 2037, Australia 
c School of Engineering, The University of Newcastle, Callaghan, NSW 2308, Australia 
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Nonlinear-dissipative gravity waves generated by pedal 
wavemakers

J. F. Marina, B. Dijkhuisb, A. Eglia, A. Ledesma-Araujoa and L. Gordilloa 

Long gravity waves can be generated on the surface of a viscous fluid using pedal 
wavemakers1, which have been shown to produce particle excursion patterns that mimic 
deep-water wave behaviour in finite-depth channels. At resonance, the amplitude of the 
gravity wave can be large enough to enhance nonlinear phenomena, such as wave-
breaking and pattern formation. Moreover, Stokes boundary layers can appear below 
the surface due to viscosity, altering the momentum transfer from the bottom to the 
surface. This talk summarises our results on the derivation of a surface wave equation 
capturing the dissipative dynamics of nonlinear waves generated by pedal-wavemakers. 
We perform the weakly nonlinear analysis of the hydrodynamic equations using 
boundary layer theory and study its role in the dissipative dynamics of coherent 
structures at the surface. Our theoretical results show good agreement with numerical 
simulations and suggest promising applications in studying nonlinear wave phenomena 
within the long-wavelength spectrum, useful for tsunamis, tides, and rogue waves in 
laboratory facilities. 

a
Dep. of Physics, Universidad de Santiago de Chile, Av. Victor Jara 3493, Santiago, Chile

b
University of Twente, 7500 AE Enschede, The Netherlands 

1 Vivanco et al., Fluids 222, 6 (2021).

Figure 1: A two-dimensional semi-infinite fluid domain placed over a soft elastic bottom whose 

motion  prescribed by pedal wavemakers. Dissipative-driven nonlinear waves appear at the free 
surface. 
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Crest speed and wave steepness of breaking waves measured by a 
coherent radar 

S. Støle-Hentschel1, A. Disant2 and F. Dias1,2

Wave breaking plays a key role in the interaction between the atmosphere and the 
ocean. It marks a transition from laminar to turbulent flow where energy is dissipated1. 
Laboratory experiments identified the crest speed and the wave steepness as governing 
parameters for the turbulent energy dissipation1. Within this work we provide 
measurements of those parameters in the ocean. 

The work is conducted as part of the HIGHWAVE project. The measurements are 
performed on the Irish Island of Inishmaan with conditions of interim water depth. A 
combination of video images and radar images are used in order to classify wave 
breaking into different stages and measure the crest and phase velocity in each stage. 
The wave steepness is calculated from the radar images. 

Catalan et al.2 have shown how a hybrid observation with radar and optical cameras 
can be used to detect wave breaking. Intensity images from radar show high return both 
for steep and breaking waves. On cameras, steep and breaking waves are distinguishable 

due to different brightness levels2. Recently, a 
machine learning based detection of wave 
breaking based on video images was 
successfully applied3. We are extending the 
classification to steepening waves in order to 
analyze the difference between breaking and 
recurrent waves.  

The crest speed and the phase velocity of 
breaking waves are detected from the Doppler 
image as suggested by Stresser et al.4 A 
secondary calculation of the crest speed by 
tracking the peak is added for comparison.   

The radar used herein has a theoretical 
range resolution of 0.5 m, in contrast to a 
resolution of 7.5 m (30 m in practice) in the 
aforementioned studies. The coarse resolution 
in combination with spatial averaging limited 
the physical insight in previous work. In the 
present study, local details of the waves are 
captured. 

1 ENS Paris-Saclay, CNRS, Centre Borelli, Université Paris-Saclay, Gif-sur-Yvette 91190, France 
2 School of Mathematics and Statistics, University College Dublin, Belfield, Dublin 4, Ireland

1 L. Deike, Annual Review of Fluid Mechanics. 54, 191-224 (2022).
2 P. Catalán et al., IEEE  Trans. Geoscience & Remote Sens. 49, No. 6(2011).
3 F. Sáez et al., Coastal Engineering, 170 (2021). 
4 M. Stresser et al., IEEE  Trans. Geoscience & Remote Sens. 60, No. 6(2021). 

Figure 1: Evolution of a wave: 
steepening and breaking. 
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Surface gravity waves filtering by a periodic lattice of submerged 
resonators 

F. De Vitaa, A. Di Masciob, M. D. de Tullioa and M. Onoratoc

Metamaterials are engineered materials successfully adopted for wave control and 
manipulation in electromagnetism and mechanics1. In this work we investigate their 
effective novel application in the field of surface gravity waves. The device under 
study, developed by the METAREEF project, is composed of a periodic lattice of 
submerged resonators, and aims at producing wave filtering for coastal protection 
applications. In a recent study2, we have shown that when the system is close to 
resonance (i.e., wave frequency and resonator natural frequency are about the same)
the mechanical energy dissipation rate is maximum (left panel of Figure 1), resulting in 
wave attenuation. The study was done by means of Direct Numerical Simulations of 
the Navier-Stokes equations, combined with the Volume of Fluid and Immersed 
Boundary techniques, in a periodic domain with a decaying initial condition. To assess 
the performance of the device under steady state conditions, i.e. with incoming
travelling waves, we have included a numerical wave tank in the numerical solver 
which allows to produce a steady input of energy in the system, resembling the real 
working scenario of the device. With this setup, the device performances will be 
evaluated in terms of wave amplitude attenuation (right panel of Figure 1) and wave 
mechanical energy absorption as a function of the frequency ratio and the periodic 
lattice characteristic size. Detailed information about the dissipation mechanism can 
lead to an optimized design of the device to enhance coastal protection.    

a
Dipartimento di Meccanica, Matematica e Management, Politecnico di Bari, Bari, Italy 

b
Dipartimento di Ingegneria Industriale e dell’Informazione e di Economia, Università degli Studi 

dell’Aquila, Italy 
c

Dipartimento di Fisica, Università degli Studi di Torino, Torino, Italy 
1 Deymer, Acoustics Metamaterials and Phononic Crystals, 1, Springer (2013).

 

2 De Vita et al., Physics of Fluids, 33, 047113 (2021).

Figure 1: (left) wave energy dissipation as function of frequency ratio; (right) surface 
wave elevation half wavelength after the device. 
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High speed visualization for better characterization of capillary 
waves 

A. Said Ismaila, Radomir I. Slavchova

Characterizing capillary waves is a very useful approach to probe the properties of 
liquid interface and study the different interfacial processes. Visualizing the capillary 
waves can help us characterizing surfactant monolayers, polymer layers, electrolyte 
solutions, sea water and oil films. In addition, it is a powerful tool to study several 
mechanisms such as the destabilization of jets, drops and films, which has a direct 
impact on many applications such as inkjet printing. Although there are many 
measuring systems that have been developed based on characterizing capillary waves 
since the 1930s, they have not been widely spread. This is mainly because of technical 
complications and the fact that the amount and analysis of the data collected are not 
enough to achieve precise measurement. 
To tackle this issue, we developed a capillary wave apparatus, which includes a high-
speed video camera to detect the light refracted by the surface and collect more data. 
To generate the capillary waves we used an available laboratory loudspeaker attached 
to a slide vibrating on the liquid surface. A code to process the images has been 
developed, which executes a regression analysis to determine the characteristics of the 
wave. The system measures the wavelength and decay length of flat Laplace waves 

with mean deviations from the theoretical values ±0.2% for the wavelength and ±5% 
for the decay length. The elasticity of an octanol monolayer has been determined with 

precision of ±1 mN/m, in excellent agreement with the theoretical value. Surface 

tension can be measured from the wavelength data with precision of ±0.3 mN/m. 
These are high precision measurements, which are comparable and even superior to 
most data reported in the literature. 

Figure 1: (a) Wave reconstruction process 

a
School of Engineering and Materials Science, Queen Mary University of London, London E1 4NS, 

United Kingdom
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Wave propagation through resonant structured materials; an 
asymptotic analysis 

I. D. Abrahamsa and M. J. A. Smitha

This talk is concerned with the propagation of acoustic or water waves through 
periodically-spaced inclusions. A key principle of composite and meta-material design 
is that we can significantly modify how waves travel through a medium by embedding 
objects into it. This approach has been used in a wide range of settings and 
applications to, for example, allow or inhibit wave propagation, and due to its great 
practical value continues to receive significant research attention.  

One well-known (canonical) design comprises a two-dimensional array of rigid 
cylinders embedded in an infinitely extending background fluid. Since the pioneering 
work of Lord Rayleigh in 1892 we have understood the low-frequency properties, and 
emerging from the photonic crystals literature of the 1980s we have understood the 
high-frequency behaviour of waves in such structured materials. The latter is analysed 
by computing band diagrams (dispersion curves), allowing us to identify regions such 
as band gaps, where wave propagation is not possible, and regions where the group 
velocity is slow or fast.  

In this talk, we will consider an extension to this design by considering arrays of 
Helmholtz resonators made by forming a resonator and channel within each rigid 
cylinder in the array (see Fig. 1). Using a novel combined multipole and asymptotic 
approach, we construct compact closed-form representations for the dispersion 
equation of the first band surface, and discuss implications for the homogenisation of 
such arrays up to relatively high, but still sub-wavelength, frequencies. From these 
very compact and efficient representations we are able to demonstrate the impact of 
various design choices (such as cylinder radius, channel width and length, filling 
fraction, see Fig. 1) and present a framework for constructing optimised meta-
phononic crystals for practical applications1,2. 

a
Department of Applied Mathematics and Theoretical Physics, University of Cambridge, 

Wilberforce Road,  Cambridge CB3 0WA, UK 
1 Smith and Abrahams, Proc. Royal Soc., submitted (2022). https://arxiv.org/abs/2202.09941
2 Smith and Abrahams, Proc. Royal Soc., submitted (2022). https://arxiv.org/abs/2202.09943

Figure 1: Unit cells containing (a) thin-walled or (b) thick-walled circular cylindrical 
scatterers with split-ring cross-sections. 
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Phase-lag is a key indicator for nonlinear resonances 
in sloshing experiments  

B. Bäuerleina,b and K. Avilaa,b

The prediction of sloshing resonances in an oscillated tank is notoriously difficult. 
Applications reach from the transport of liquified natural gas in tank ships to the 
challenges arising from sloshing fuel in rockets. In the latter case the sloshing motion 
of the fluid has to be coupled to the bending modes of the rocket. Efficient model 
descriptions are therefore required to predict the sloshing resonances. 

We performed sloshing experiments of water in a deep rectangular tank, driven 
harmonically in the horizontal direction. For the first time we characterize the sloshing 
amplitude by the motion of the liquid’s centre of mass, thus reducing the scatter of the 
experimental data and obtaining an ideal observable to compare to model predictions.  
At low driving amplitudes the sloshing dynamics obeys the Duffing equation for a 
softening spring. For increasing driving amplitude, a progressively increasing 
hysteresis occurs, the phase difference departs from the Duffing dynamics and 
complex wave patterns emerge and compete. At resonance the sloshing motion always 
lags the driving by 90°. Compared to our experiments, the predictions of modern 
sloshing models seem to overestimate the sloshing amplitudes and hysteresis1. 
An accurate prediction of the response curves for varying driving amplitudes was 
achieved with the spectral submanifold theory (in cooperation with G. Haller et al.), 
based on only a few transient experimental time series of the oscillating liquid’s centre 
of mass.2  
In the last part of the talk we present our recent experiments for a decreasing filling 
level, which causes a transition from a softening spring behaviour to a hardening one.  

a
University of Bremen, Production Engineering, Badgasteiner Strasse 1, 28359, Bremen, Germany

b
Leibniz Institute for Materials Engineering IWT, Badgasteiner Strasse 3, 28359, Bremen, Germany 

1 Bäuerlein and Avila, J. Fluid Mech. 925, A22 (2021).
2 Cenedese, Axås et al., Nat. Commun. 13, 872 (2022).

Figure 1: Consecutive snapshots of the sloshing water close to resonance. 
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Free Surface Waves for a Lamb-Oseen Vortex Flow 

E. Zuccolia, E. J. Brambleya,b, and D. Barkleya

Surface waves have been observed to rotate around the cores of vortices generated in a 
swimming pool. To investigate this effect, we have numerically studied the response of 
a free-surface Lamb-Oseen vortex to small perturbations.  The fluid has finite depth 
but is in principle laterally unbounded. While a variety of linear waves can arise in this 
flow, we focus here on the surface gravity waves like those observed in the swimming 
pool. We investigate the linear stability of the vortex as a function of azimuthal mode 
number and rotation rate of the vortex. The stability of free surface swirling flows has 
previously been studied in bounded cylindrical geometries in the work of Mougel et al.1,2 

where these authors studied the appearance of several distinct type of waves – gravity, 
inertial, Rossby and centrifugal waves. Here we focus only on surface gravity waves. We 
find that at low rotation rates, linear modes decay by radiating energy to the far field 
while at higher rotation rates modes reach a neutral stability state. In analogy to a 
quantum-mechanical system, such states correspond to quasi-bound states, i.e., normal 
modes whose decay rate in time is null and whose corresponding eigenfunctions remain 
trapped in a narrow region where the base flow has maximum swirl. Quasi-bound states 
have been already shown to appear in shallow water surface waves due to small 
perturbations of a bathtub vortex.3  In our work we have shown that such states also 
exist for a purely rotating flow in a deep-water regime. Moreover, we find that the 
direction of propagation of the waves with respect to the vortex changes as the rotation 
rate increases. At low vortex speed waves propagate in the opposite direction with 
respect to the base flow, whereas, above a threshold value, waves start co-rotating with 
the flow as they are dragged along the vortex. Finally, our results show that for moderate 
and high azimuthal wavenumber perturbations there exist a finite rotation rate below 
which normal modes solutions cannot be found. 

a
Mathematics Institute, University of Warwick, Coventry, CV4 7AL, UK

b
WMG, University of Warwick, Coventry, CV4 7AL, UK 

1 Mougel et al., J. Fluid Mech. 783, 211-250 (2015).
2 Mougel et al., J. Fluid Mech. 824, 230-264 (2017).
3 Patrick et al., Phys Rev Lett. 121, (2018).

Figure 1: (Left) Photograph of vortices in a swimming pool together with a schematic 
representation of a single vortex. (Right) Computed eigenmodes: (a) radiating mode and (b) 
trapped mode. 
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Dependence of breaking wave impact type and amplitude on the 
displacement of clifftop boulders

J. N. Steera, L. Kimmounb and F. Diasa,c 

Storm wave run-up on coastal cliffs is known to displace coastal boulder deposits 
up to the of order of 100 tonnes1. Using observed and estimated records of historic 
boulder movement, the sea state parameters capable of displacing a boulder of mass, m 
and with a height above sea level, z have recently been used to define initiation-of-
motion criteria2. At the wave crest scale, laboratory experiments have shown wave 
impact type to have a large influence on boulder displacement3. However, while wave 
impact type is important to boulder displacement, its effect must be viewed relative to 
other metrics such as wave amplitude. In this work, laboratory experiments were 
performed in which a focussed wave group of focus amplitude, Af and focus position, 
xf broke at a cliff upon which was situated a model boulder. The pressure at 47 points 
on the vertical cliff and 1 point on the boulder were measured and synchronised with 
high speed (1400 Hz) video of each impact to quantify the impact mode and allowing 
the boulder’s three-dimensional displacement and rotation to be estimated (see figure 
1). Additionally, shock and steady acceleration, synchronised with the video recordings 
were measured using quartz and MEMS accelerometers within the boulder. Across all 

values of Af, the boulder 
was displaced most by mid-
breaking waves and the 
largest sloshing waves 
displaced the boulder less 
than medium-amplitude 
mid-breaking waves. To 
relate each impact to the 
prototype scale, the return 
period of each Af value was 
calculated for multiple sea 
states expected on the west 
coast of Ireland, allowing 
annual occurrence rates for 
each impact to be 
estimated. 

a
School of Mathematics and Statistics, University College Dublin, Belfield, Dublin 4, Ireland

b Ecole Centrale de Marseille, Technopôle Château-Gombert, 13451 Marseille, France
c

ENS Paris-Saclay, CNRS, Centre Borelli, Université Paris-Saclay, Gif-sur-Yvette 91190, France 

1 Cox, et al., Earth-Sci. Rev. 177, 623, (2018).
2 Kennedy et al., Geophys. Res. Lett., 48, 11, (2021).
3 Steer, et al., J. Fluid Mech., 184, 267, (2021).

Figure 1. Clifftop boulder displacment, Δx as a function of both 

wave breaking location, xf and linear, predicted wave amplitude, 

Af. Error bars are included for repeated tests.
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Stick-slip to stick liquid oscillation transition induced by contact 
angle hysteresis in U-shaped tubes: a projection method 

A. Bongarzonea and F. Gallaireab

The role of wetting properties in the damping of liquid oscillations is a long-standing 
problem in hydrodynamics. A series of lab-scale experiments1,5 have revealed that the 
damping of liquid natural oscillations varies nonlinearly with the oscillations 
amplitude, indicating a dependence on the contact line behaviour and hence on the 
solid substrate material. This effect has been attributed to a source of dissipation 
localized near the sliding triple line, which may exhibit a complex hysteretic behaviour 
due to solid-like wall friction. Consistently with previous observations,5, Dollet et al. 
(2020)1 have confirmed that contact angle hysteresis can explain and qualify this wall 
friction, responsible for the contact line finite-time arrest. In this work, assuming an 
experimentally inspired phenomenological contact line behaviour,3,5, we apply to U-
shaped tubes the projection method formalized in Bongarzone et al. (2021)2 for 
idealized two-dimensional viscous capillary-gravity waves. This approach is based on 
successive linear eigenmode projections for solving numerically the nonlinear 
dynamics in the limit of small oscillation amplitudes. Each projection, corresponding 
to each stick-slip transition, eventually induces a rapid loss of total energy in the liquid 
motion and contributes to its nonlinear damping5. In order to retain the viscous 
dissipation occurring at the sidewall boundary layers, the original formulation2 is 
amended with a wall-slip condition with a spatially variable slip length4. Quantitative 
comparisons with experiments1 show that the projection method correctly captures 
the final stick-slip to stick transition, as well as the secondary fluid bulk motion 
following the associated arrest of the contact line, overlooked by previous asymptotic 
analyses1,3.  

a
Laboratory of Fluid Mechanics and Instabilities, EPFL, 1015 Lausanne, Switzerland

1 Dollet et al., Phys. Rev. Lett. 124, 104502 (2020).
2 Bongarzone et al., Chaos 31, 123124 (2021).
3 Viola et al., J. Fluid Mech. 837, 788-818 (2018).
4 Ting & Perlin, J. Fluid Mech. 295, 263-300 (1995).
5 Cocciaro et al., J. Fluid Mech. 246, 43-66 (1993).
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Figure 1: (a) U-tube configuration1. (b) Contact line law,3,5: contact angle, , vs contact line 

speed. (c) Comparison with experiments1: normalized contact line elevation, h(t) , vs time, t.
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Imbibing a model swelling textile 

Pierre Van de Veldea, Camille Duprata and Suzie Protièreb, 

Fibrous materials interacting with fluids are very common in our everyday lives, 
ranging from dew drops on grass or a spider web to a book spilled with water. When 
immersed into a favourable solvent, many natural fibres (such as the cellulosic fibre in 
paper), will absorb liquid and swell. This swelling of individual fibres can lead to 
dramatic deformations of a fibrous material. We wish to understand fluid movement 
and swelling dynamics through model experiments at the fibre scale. 

Spontaneous imbibition in tubes, or in general in porous media, generally exhibit a 
diffusive-like behaviour: A constant capillary pressure fights a growing viscous 
dissipation as the fluid progresses in the tube leading to a decreasing imbibition 
velocity. When exposed to solvent, either in the form of a bath or a drop, a capillary 
imbibition between the fibres is possible provided the fibres are close enough to one 
another, and a critical ratio between the inter-fibre distance and the fibre radius below 
which imbibition occurs can be obtained with geometrical arguments. 
In the presence of swelling, the imbibition dynamics differ from the simple capillary 
imbibition. In this talk, we will present experimental results on the imbibition between 
two stretched fibres, either from a fluid bath or from a fluid drop. In both cases, both 
the fibre radii and the inter-fibre distance are locally modified leading to movement of 
the solvent. During the imbibition from a bath, we observe a new swelling-dominated 
imbibition regime, which can be explained by combining geometrical arguments and a 
characterization of the swelling behaviour of the fibres. Similarly, when considering a 
drop between two fibres, we observe geometrical changes that lead to fluid motion 
and a deformation of the model textile. 

a
LadHyX, Ecole Polytechnique, Palaiseau, France

b
CNRS – Institut Jean le Rond d’Alembert, Sorbonne Université, Paris, France 

Figure 1: Capillary imbibition between two parallel fibres from a solvent bath in the presence 

of swelling (20 min between pictures) 
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Asymmetric overdamped motion of contact lines over high-friction 
hydrophilic substrates 

M. Pellegrinoa and B. Hessa

The mobility of three-phases contact lines is at the bedrock of wetting dynamics and 
constitutes one of the most compelling research topics of fluid mechanics, involving a 
vast range of time/length scales and depending on surfaces chemistry and topology.  

One of the most effective attempts to frame contact line motion assumes an 
overdamped model where liquid-substrate friction is the main source of energy 
dissipation in the contact line region1. This framework entails the existence of a 
bijective functional relation between contact line speed and microscopic contact angle. 
We present and discuss the results for a set of non-equilibrium molecular dynamics 
(NEMD) simulations of liquid SPC/E water droplets spreading on or confined 
between silica-like walls, which hint towards the existence of the aforementioned 

U=f(ϴ) relation and allow us to quantify a contact line friction parameter (fig.1).
Two different line friction models are tested against NEMD observations: the 

well-established Molecular Kinetic Theory model2 and a relatively new one based on 
the quantification of energy barriers in molecular transport to the contact line3. We 
show how the latter is more suited to capture asymmetric wetting where friction is 
different at advancing and receding contact lines for the same Capillary number. We 
further investigate the nanoscopic processes causing asymmetric friction by classifying 
the contribution of molecular motion to contact line displacement. 

This work constitutes a stepping stone towards demystifying dynamic wetting on 
high-friction hydrophilic substrates. It also aims to build an open database of NEMD 
benchmarks, made available for the validation of contact line motion models. 

a KTH Applied Physics, SeRC Centre, SciLifeLab, Tomtebodavägen 23, 171 65 Solna, Sweden 
1 Carlson et al., Phys. Rev. E 85, 045302 (2012).
2 Blake and Haynes, J. Colloid Interface Sci. 30, 421 (1969).
3 Johansson and Hess, Phys. Rev. Fluids 3, 074201 (2018).

Figure 1: Contact line speed against dynamic contact angle for different surface wettability and 
dynamic wetting modes (spontaneous spreading or shear-induced wetting/de-wetting). 
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Drying of multi-component, multiphase mixtures in capillaries 

L. Thayyil Rajua, U. Sena, C. Diddensa,b, M. N. van der Lindenc,a,
X. Zhangd,a, and D. Lohsea,e

Evaporation of multi-component fluid systems is a ubiquitous phenomenon, playing a 
crucial role in applications ranging from aerospace engineering to biochemical 
processes. In particular, the evaporation from thin capillaries are crucial in inkjet 
printing1 and porous membranes2,3. In this work, we perform controlled experiments 
(Figure 1a) to study the evaporation from small capillaries for two different aqueous 
mixtures. In the case of water-glycerol mixtures, the evaporation rate — quantified by 
a dimensionless meniscus velocity — decreases with time due to progressive 
enrichment of glycerol at the evaporation interface (Figure 1b). Numerical simulations 
and a parsimonious analytical model shed further insight into the physics of this 
system. In the case of water-salt mixtures, initial salt concentration determines if 
evaporation leads to the depinning of the contact line at the bottom interface or the 
crystallisation of salt (inset, Fig 1c) on the capillary walls. The salt crystallisation front 
grows intermittently and in turn leads to intermittent changes in the evaporation rate 
(Figure 1c). Our study elucidates the behaviour of these multi-component multiphase 
systems that are governed by the nonlinear composition-dependant properties of the 
fluid mixture. 

Figure 1: (a) Experimental set-up to study evaporation of multi-component mixture from 

capillaries. (b) Variation of normalised velocity against normalised time, obtained from 
experiments, simulations, and analytical modelling of water-glycerol systems having initial mass 
fraction of water, mw,o. (c) Plot showing the intermittent motion of the upper meniscus of salt 
solution (yliquid) due to the intermittent growth of salt crystals (ycrystal). 

a Physics of Fluids Group, University of Twente, Enschede, The Netherlands 
b Dept. of Mechanical Eng., Eindhoven University of Technology, Eindhoven, The Netherlands 
c Canon Production Printing B.V., Venlo, The Netherlands 
d Dept. of Chemical and Materials Eng., University of Alberta, Alberta, Canada 
e Max Planck Institute for Dynamics and Self-Organisation, Göttingen, Germany 
1 Lohse, Annu. Rev. Fluid Mech., 54, 349 (2022)
2 Zhang et al., Nat. Commun., 12, 998 (2021)
3 Miri et al., Int. J. Greenhouse Gas Control, 51, 136 (2016)
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AI-assisted modelling of wetting hydrodynamics 

A. D. Demoua and N. Savvaa

The study of the motion of droplets on heterogeneous surfaces is a topic of active 
interest due to the wide applicability of contact line phenomena in a broad spectrum 
of areas, including microfabrication, biomedical industry, smart materials, 
pharmaceutical and printing industries, as well as energy conversion and water 
harvesting in environmental applications, to name a few.1 Nevertheless, direct 
numerical simulation (DNS) of these phenomena remains a challenge due to their 
inherently multiscale nature. The advent of data-driven methodologies and their 
application in the solution of partial differential equations emerges as a promising 
alternative to mitigate the computing costs required for DNS.  

 The Fourier Neural Operator (FNO) was recently proposed for accurately and 
efficiently learning resolution-invariant solution operators for families of partial 
differential equations.2 This neural network architecture consists of a series of Fourier 
layers encapsulated within encoder-decoder network architectures. Each Fourier layer 
considers the superposition of a linear transformation and a non-local convolution 
operator applied on the input vector, which is then non-linearly transformed through 
a non-linear activation function. 

In this study, we provide an assessment of the capacity of the FNO in capturing 
contact line dynamics using droplet transport on chemically heterogeneous surfaces as 
a model system. Ground-truth data for training and validation are efficiently generated 
by asymptotic models that are applicable in the long-wave limit, which are known to 
accurately reproduce the dynamics with minimal computing resources compared to 
DNS.3 Our assessment of the FNO architecture is based on two distinct approaches, 
one of which deploys the FNO as an iterative architecture as proposed in Ref. 2, 
whereas the other augments a low-order approximation to the contact line velocity4 
with a data-driven counterpart which is based on the FNO for the higher-order 
corrections, which is then evolved in time by standard discretization techniques. The 
performance of each approach is evaluated in terms of data requirements, 
generalizability and robustness and the findings of the study can be used in guiding 
the generation of DNS datasets for deploying FNOs on high-fidelity data beyond the 
long-wave limit. 

Acknowledgements: This work has received funding from the European Union’s
Horizon 2020 research and innovation programme under grant agreement Nos 
951733 and 810660. 

a
Computational-based Science and Technology Research Centre, The Cyprus Institute, 20 

Konstantinou Kavafi St., 2121 Aglantzia, Nicosia, Cyprus. 
1 Bonn et al., Rev. Mod. Phys. 81(2), 739 (2009).
2 Li et al., ArXiv.org arXiv:2010.08895, (2020).
3 Savva et al., J. Fluid Mech. 859, 321 (2019).
4 Lacey, Stud. Appl. Math. 67(3), 217 (1982).
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Sub-nano-liter scale partitioning using microfluidic package 

Tae Jeong Kima*, Jae Hong Leeb*, Sohyun Junga, Hyeongseok Jangb, 

Kak Namkoongb, Hyuck Choob, Wonjong Jungb**, and Ho-Young 
Kima** 

Nano-liter scale micro-reactors are widely used in a lab-on-a-chip area for biological 
analysis1,2. When aliquoting and partitioning aqueous biological samples in microfluidic 
systems, the liquid flow is usually controlled by external energy source such as direct 
injection with pipetting or pressurizing by a hydraulic pump1, 2. Furthermore, in order 
to ensure independently partitioned micro-reactors, the excessive biological sample 
should be removed and the micro reactors containing the biological sample should be 
separated by immiscible fluid such as mineral oil2. The external power and complicated 
processes hinder the miniaturization and simplification of the microfluidic package.  

Here, we present a microfluidic package with 14,000 micro-holes, as shown in figure 
1(a), that enables 0.5 nL partitioning by simple dripping of the liquid sample without 
any external energy. Hydrophilic channel surfaces cause spontaneous movement of a 
sample droplet into the channel. We adopt a capillary-burst valve, which restricts the 
flow in drastically diverging channel, and experimentally demonstrate that our 
microfluidic design can guide flow to target area without wetting the corners and thus 
prevent bubble generation. In addition, our microfluidic package allows the excessive 
sample to be absorbed in a porous sheet spontaneously. The sample partitioning is 
completed when sealing oil spontaneously flows in the micro-chamber by capillarity. 
The whole process of sub 1 nano-liter partitioning takes approximately 30 s as shown 
in figure 1 (b) and (c). Over 99% of wells are filled with the variation of filled volume 
under 3%. Our microfluidic package suggests an effective way to implement a simple 
and rapid microfluidic total analysis system that requires sub-nano-liter scale 
partitioning.  

a
Dep. Mechanical Engineering, Seoul National University, Seoul 08826, Republic of Korea

b
Advanced Sensor Lab., Device Research Center, Samsung Advanced Institute of Technology, 

Samsung Electronics Co., Ltd., Suwon-si, Gyeonggi-do, 16678, Republic of Korea 
1 Dong et al., Sci. Rep. 5, 13174 (2015).
2 Gao et al., Biomicrofluidics 14, 034109 (2020).
* These authors contributed equally to this work.
** Corresponding author.

Figure 1: (a) Schematic of microfluidic package. (b) Sample partitioning and removing of 
excessive sample. (c) Oil sealing for preventing evaporation of the sample. 
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A hybrid VOF-IBM method for the simulation of freezing drops 

Sijia Lyua, Chao Suna, and Dominique Legendreb 

This work is devoted to the development of a new hybrid VOF-IBM method for the 
simulation of freezing liquid films and freezing drops. The VOF and IBM methods 
are coupled with the temperature equation to be able to solve the icing front, the 
dilatation induced by the density difference between the liquid and the ice as well as 
the drop deformation induced by the balance of the surface tension and gravity. The 
numerical simulations are validated by a comparison between the theoretical solutions 
and experimental observations, and the CSF-VOF spurious currents are shown to 
induce no effect on the icing process due to the small value of both the corresponding 
Weber and Capillary numbers for the considered cases. We investigate the effect of 
the Stefan number and the ratio of solid density to liquid density on the height 
evolution of the icing front for both liquid films and drops. We also study the whole 
freezing processes of drops with different contact angles. Furthermore, the effect of 
gravity and the surface tension on freezing processes of drops are investigated. The 
temperature distribution, solidification shape, and evolution within the drop are 
systematically analysed. We find that the final drop shape is in very good agreement 
with experiments1 (see Fig. 1), and in particular the value of the tip angle of the iced 
drop and the front-to-interface angle are very well reproduced. In addition, we 
investigate the effect of the environmental medium on a freezing drop. The current 
findings have important implications for the control of solidification in anti-icing and 
additive manufacturing. 

a
Dep. Energy and Power Engineering, Tsinghua University, 100084 Beijing, China

b
Institut de Mécanique des Fluides de Toulouse (IMFT), Université de Toulouse, CNRS-Toulouse, 

France 
1 Marín et al., Phys. Rev. Lett. 113, 054301 (2014).

Figure 1: Final numerical drop shapes (solid coloured lines) compared to experiments1 

for different contact angles: (a) 90
。
,(b) 150

。
. 
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Dip-coating flow in the presence of two immiscible liquids 

L. Champougnya,*, B. Scheidb, A. Korobkinc and J. Rodríguez-Rodrígueza

Dip-coating consists in withdrawing an object from a liquid bath at controlled 
speed. The thickness of the coated liquid film was successfully predicted by the theory 
developed by Landau & Levich1 and Derjaguin2 in the 1940's, in the case of a smooth 
plate dragged out of a single pure Newtonian liquid. Since then, generalizations have 
been proposed to describe effects arising, for example, from interfacial or bulk liquid 
rheological properties, or substrate roughness3.  

In this work, we present an extension of the dip-coating theory of Landau-Levich-
Derjaguin to the case where the bath contains two immiscible liquids, layered atop one 
another. This configuration, sometimes referred to as gas/liquid/liquid compound 
interface in the literature, finds important applications in the context of environmental 
science4 (sea surface microlayer, oil spills) or semiconductor electronics5. 

In our study, we model the situation in which both liquid phases are dragged, 
giving birth to a superposition of two liquid films on the substrate (Fig. 1). We report 
how the thicknesses of the coated films depend on the ratios of the properties of the 
two liquids (viscosity, density, surface tension), as well as on the dimensionless 
thickness of the top liquid layer ∆H.  

We find that a double film solution only 
exists in finite regions of the parameter 
space, which we dub “existence islands”. For 
all the parameters tested, the thickness of the 
upper film, δh∞, is always much smaller than 
the one of the lower film, h1,∞. The 
liquid/liquid and liquid/gas interfaces are 
observed to behave independently as if only 
one liquid was coated, except for a very small 
region where their separation falls quickly to 
its asymptotic value and the shear stresses at 
the two interfaces peak. We show that the 
final coated thicknesses h1,∞ and δh∞ are 
determined by the values of these maximum 
shear stresses6.  

a Dept. of Thermal and Fluid Engineering, Universidad Carlos III de Madrid, 28911 Leganés, Spain 
b Transfers, Interfaces and Processes (TIPs), Université Libre de Bruxelles, 1050 Brussels, Belgium 
c School of Mathematics, University of East Anglia, Norwich NR4 7TJ, United Kingdom 
1 Levich and Landau, Acta Physicochim. URSS, 17, 42 (1942)
2 Derjaguin, Acta Physicochim. URSS, 20, 349 (1943)
3 Rio and Boulogne, Advances in Colloid and Interface Science, 247, 100 (2017).
4 Liss and Duce, The sea surface and global change, Cambridge University Press (2005).
5 Jinkins et al., Langmuir, 33 (46), 13407 (2017).
6 Champougny et al., Journal of Fluid Mechanics, 922, A26 (2021)
* This project has received funding from the European Union’s Horizon 2020 research and

innovation programme under the Marie Sklodowska-Curie grant agreement No 882429. 

Figure 1. Sketch of the dip-coating
configuration under investigation. 
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Dynamics of a partially wetting droplet on a chemically 
heterogeneous surface evaporating in a pure vapor atmosphere 

D. Grovesa and N. Savvab

We consider the dynamics of a thin, partially wetting droplet evaporating into its own 
saturated vapor atmosphere. The droplet is supported on a smooth and chemically 
heterogeneous superheated substrate. The properties of the liquid are assumed to be 
constant, and we decouple the vapor and liquid phase dynamics by invoking the long-
wave limit of the corresponding one-sided evaporation model,1,2 which governs the 

height of the droplet, ℎ, at time 𝑡, namely 

𝜕𝑡ℎ +
𝜎

3𝜇
𝛁 ∙ [ℎ(ℎ2 + 3𝜆2)𝛁∇2ℎ] = −

𝑘(𝑇 − 𝑇𝑠)

𝜌𝐿(ℎ + 𝑠)
. 

Here, 𝜌 and 𝜇 correspond, respectively, to the fluid density and viscosity, 𝜎 is the surface 

tension, 𝜆 the slip length for alleviating the stress singularity at the moving contact line, 

𝑘 is the thermal conductivity and 𝐿 is the latent heat of vaporization; 𝑇 is the 

temperature of the liquid-vapor interface and 𝑇𝑠 is the saturation temperature.  
To capture the dynamics of a moving and deforming contact line under the 

influence of surface heterogeneities and the evaporation dynamics, a matched 
asymptotic analysis is pursued within the appropriate distinguished slow-evaporation 
limit. By combining and extending the results of Ref. [2] on axisymmetric evaporating 
droplets in a pure vapor atmosphere and those of Refs. [3] and [4], which deal with 
droplet spreading on heterogeneous surfaces with constant mass and prescribed mass 
fluxes, respectively, a set of evolution equations for the volume of the droplet and the 
Fourier harmonics of its contact line is deduced. Through a number of representative 
cases and by making comparisons to solutions of the governing long-wave equation, we 
demonstrate the efficiency and accuracy of the derived asymptotic model and its ability 
to capture the salient features of the different evaporation modes which are commonly 
observed in experiments. 

Acknowledgements: DG acknowledges support from the Engineering and Physical
Sciences Research Council of the UK through Grant No. EP/P505453/1. NS 
acknowledges support from the European Union’s Horizon 2020 research and 
innovation programme under grant agreement No 810660 and from the Cyprus 
Research and Innovation Foundation under contract No. EXCELLENCE/0421/0504. 

a Cardiff University, School of Mathematics, Cardiff University, Cardiff, CF24 4AG, United Kingdom 
(former affiliation). 

b Computation-based Science and Technology Research Center, The Cyprus Institute, 20 Konstantinou 
Kavafi St., 2121 Aglantzia, Nicosia, Cyprus. 

1 Burelbach et al, J. Fluid Mech. 195, 463 (1988).
2 Savva et al. J. Fluid Mech. 824, 574 (2017).
3 Savva et al., J. Fluid Mech. 859, 321 (2019).
4 Savva and Groves, Phys. Rev. Fluids 6, 123602 (2021).
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Freezing and flowing a water rivulet 

A. Monier1, C. Josserand2, T. Séon1 and A. Huerre3

 Solidification in flowing systems is a question encountered in numerous area such 
as geophysics, metallurgy and aeronautics [1,2] where the fine coupling between 
hydrodynamics and solidification has to be understood to control the geometry of the 
solidified body. 
 We experimentally and theoretically explore the freezing of a water capillary river 
flowing down an inclined plane cooled at subzero temperatures. The rivulet is formed 
by continuously feeding an initial water drop with a syringe pump. When it starts 
flowing, the drop leaves behind a water thread that starts to solidify. At this time, 
transverse to the flow direction, we observe a peculiar phenomena : the water film 
dewets the ice previously formed. This phenomenon lasts a few seconds and 
eventually the water stops retracting : a first steady state is obtained. After that, the 
rest of the ice growth takes place orthogonal to the cooled substrate. Figure 1 presents 
a time-sequence of the phenomenon. A needle on the left feeds the water rivulet (dark 
blue) which flows on its forming ice (light blue). The angle to the gravity is 30° and 
the pictures have been rotated. The ice growth is very fast at first, then slows down 
and finally converges to a second steady state, after a few minutes, where no more ice 
forms. Indeed, water continues to flow on top of the ice previously formed without 
solidifying anymore. All these observations can be rationalized with heat transfer and 
wetting arguments and the models compare well to our measurements performed with 
high speed imaging and thermal camera [3]. 

 
1 Sorbonne Université, CNRS, UMR 7190, Institut Jean Le Rond d’Alembert,  F-75005 Paris, France

2 LadHyX, UMR 7646 CNRS-Ecole Polytechnique, IP Paris, 91128 Palaiseau CEDEX, France

3 MSC, Université de Paris, CNRS (UMR 7057), 75013 Paris, France 
[1] Hardee, H. C. J. Volcanol. Geotherm. Res.. 3:211-23, 1980.
[2] Cieslak, M. J. Welding Journal. 70.2, 1991.
[3] Huerre et al., J. Fluid Mech., 914:A32, 2021

Figure 1: Time-sequence of a water rivulet (dark blue) flowing while ice is forming (light blue) 
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Experimental and theoretical multiple-scale investigation of 
droplet migration on a textured surface 

S. V. Jalikopa, B. Scheichla,b

The spreading of a droplet over an engineered surface has recently gained much 
attention, both experimentally and theoretically1. This can be attributed to a multitude 
of phenomena, still debated intensively, where the dynamics of the wetting line 
probably represents the most prominent one. Interest is also raised by the thriving 
importance of textured surfaces specifically designed to serve as a `storage' or 
`guidance' for lubricants in tribological applications, to minimise consumption and 
avoid starved lubrication2. Motivated by this idea, we consider the Stokes flow of a 
droplet on an unidirectionally grooved, nominally planar, rigid substrate. Body forces 
act vertically onto this (gravity) and possibly also horizontally (centrifugal force). We 
present the results of an ongoing study that aims at a thorough understanding of the 
separation of scales involved. This sets the basis for a rigorous description of the flow, 
initiated by the release of a droplet and terminated either by its steady state or, at the 
other extreme, its disintegration into a network of channel flows through the surface 
grooves. Novel experimental techniques are tied in with dimensional and asymptotic 
analysis, accounting for the individual flow regions at play. We focus on the crucial 
regime where the droplet already forms a slender but still fully wetting, developed 
layer characterised by suitably defined capillary and Bond numbers, the apparent 
contact angle α and (at least) two microscopic aspect ratios λ1, λ2 describing the groove 
geometry (Fig. 1). The texturing essentially breaks the initial axial symmetry of the 
droplet and provokes its directional (desired). The match of first experimental and 
theoretical results is promising. 

a
Simulations & Modelling Pool, AC2T research GmbH, 2700 Wiener Neustadt, Austria 

b
Institute of Fluid Mechanics and Heat Transfer, TU Wien, 1060 Vienna, Austria 

1 Kant, Hazel, Dowling, Thompson and Juel, Soft Matter, 14, 44, 2018.
2 Grützmacher, Jalikop, Gachot and Rosenkranz, Surf. Topogr.: Metrol. Prop. 9 (2021) 013001
3 Batchelor, Fluid Dynamics, Cambridge (1967). 

Figure 1: Surface grooves (depth d, width w, period p defining λ1=d/p, λ2=w/p) govern the
microscopic flow in a sublayer; its displacement controls the macroscopic developed bulk flow 
and the propagation of the contact line dictated by the temporal evolution of the flow in a 
wedge region (α) encompassing the contact line and preceding the sublayer. 

991



Absorption of drops on fibres: swelling-induced deswelling 

Camille Duprata, Pierre van de Veldea,b, Julien Dervauxc 
and Suzie Protièreb 

When immersed into a favourable solvent, many gel and gel-like materials will 
absorb liquid and swell. Most swelling studies consider fully immersed gels, and 
generally idealized geometries (e.g. spheres). However, in many situations materials 
can be wetted by isolated droplets rather than a liquid bath, and many materials 
present complex geometries. In particular, swelling is important for many fibrous 
materials, such as paper, plants, or fabrics, where individual fibres constrained in a 
network may swell (e.g. cellulose or cotton fibres swollen by water). 

Here, we consider a fibre of fixed length wetted by isolated drops of solvent, and 
study the absorption dynamics experimentally. When a single drop of solvent is 
deposited, the fibre locally swells at the drop position; this localized swelling leads to a 
saturation below the drop that considerably slows down the absorption dynamics 
compared to the fully immersed case. In the case of multiple drops, the absorption of 
each drop influences the other, the dynamics is considerably slowed down and we 
uncover a new phenomenon: fluid is spontaneously released out of the fibre during 
the absorption. We show that the swelling-induced global change in the tension of the 
fibre induces this deswelling in previously fluid-saturated regions. This local expulsion 
of fluid may then create a new drop which further interacts with the drops initially 
present at the surface of the fibre, inducing spontaneous motions or even coalescence 
of the drops, and eventually leading to absorption dynamics order of magnitude 
slower. We describe these dynamics and characterize the mechanisms underlying the 
transient localized fluid release. We then identify the conditions for which it occurs in 
order to build a phase diagram as a function of the drops volume and distance, both 
experimentally and numerically using a linear poroelastic model.  

Fig: Chronophotography of the absorption of silicone oil droplets on an elastomeric fibre showing 
swelling and spontaneous deswelling. Time is indicated in hours. 
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Wetting and Evaporation of Surfactant-laden droplets 
on Superhydrophobic surfaces 

Ahmed Aldhaleaia , Zachary Coxa and Peichun Amy Tsaia,* 

The wetting states and evaporation dynamics of surfactant-laden droplets plays an 
important role in various natural and technological processes, such as coating, spray, 
cooling, drying, and printing. We investigate the influence of cationic surfactant 
concentration on the static wetting states and dynamical evaporation processes of the 
surfactant-laden droplets on superhydrophobic (SH) surfaces, which possess many 
promising applications, e.g., self-cleaning, anti-icing, and anti-corrosion, and drag 
reduction1. For the initial wetting states with a cationic surfactant, 
didodecyldimethylammonium bromide (DDAB), the surfactant-laden droplets are in a 
beneficial gas-trapping, Cassie−Baxter (CB) state on the high-roughness 
microstructures. In contrast, some droplets are in a complete-wetting Wenzel (W) state 
on the low-roughness microtextures. We find that the contact angle of CB drops can 
be well predicted using a thermodynamic model considering surfactant adsorption at 
the liquid−vapor (LV) and solid−liquid (SL) interfaces. A surface-energy analysis is 
carried out to provide useful designs of SH surface parameters for a DDAB-laden 
surfactant droplet on the SH surface with a stable and robust CB wetting state. For drop 
evaporation, the experimental data reveal that contact-angle dependent evaporative 
mass flux, M, collapses onto a nearly universal curve depending on surfactant 
concentration, CS. For the low-CS drops (of 0−0.25 CMC), M is lower and consistent 
with an evaporative cooling model, whereas high-CS (of 0.5−1) droplets are consistent 
with a pure vapor-diffusive model. We further show that the critical CS delineating these 
two evaporative models correlates with saturated surfactant adsorption on both 
liquid−solid and liquid−vapor interfaces. 
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Dewetting morphologies on modelled switchable substrates 

S.Zitza,b, A. Scagliarinic,d , J. Hartingb,e

The dynamics of thin liquid films are a long studied problem. Already in the 18th 
century Reynolds paved the way with his pioneering work on lubrication. Over time 
different applications for this theory emerged, among them are the microfluidic 
devices. These devices operate based on flows and can be used for sensing in medical 
applications1. Given the recent advances in surface treatments and the resulting 
stimuli responsive (switchable) substrates, the possibilities for these devices will only 
increase. 
To understand the implications switchable substrates offer, we study a dewetting thin 
film which is subject to an alternating biperiodic wettability wave. We assume that the 
wettability wave can be driven by an external stimulus, e.g. light2. For the stationary 
wettability, thus a patterned substrate the film breaks up into n-droplets where n is the 
number of wettability maxima. Having a finite wettability wave velocity, we observe 
two more outcomes. First being the advection of droplets with the wettability wave. 

Second, and more interesting is the cases in which the wettability wave has a higher 
velocity than the capillary retraction. Here we observe a change in dewetting 
morphology from separated droplets to rivulets. These rivulets are metastable and 
show a varicose instability. Making their lifetime dependent on the growth rate of the 
instability. The rivulets, then fragment into only half of the droplets of the static and 
advecting case. We motivate the boundary between droplet advection and rivulet 
creation and introduce a theoretical explanation for the lifetime of the rivulets3.    
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Figure 1: The left panel displays the stationary droplet state after dewetting without wettability 

wave velocity. To the right the Minkowski structure metric q2 is shown to classify rivulet states. 
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Analysis and modelling of adhesion in simulations of coalescence-
induced jumping droplets 

K. Konstantinidis a, J. Göhl b, A. Markb and S. Sasica

The somewhat counter-intuitive behavior of droplets being self-expelled from a 
superhydrophobic surface has been the focus in numerous previous studies1 . Inspired 
by natural phenomena, for example the cicada wings, nanofactured superhydrophobic 
surfaces have shown droplets jumping upon coalescence and important information has 
been retrieved regarding the liquid bridge expansion and its interaction with the surface, 
the capillary-inertial scaling of the jumping velocity and a cut-off (minimum) radius for 
jumping, as well as the impeding of jumping caused by viscosity and the microstructures’ 
geometry2. Experimental studies revealed cases of pinning to structures on the 
superhydrophobic surface3 and suggested the importance of these structures on 
reducing the minimum size of microdroplets that can jump, for use in antifogging 
applications4. Numerical studies typically do not stress that details on droplet-surface 
interaction can unmask the actual potential for superhydrophobic surfaces to 
demonstrate effective jumping. The contact line movement differs between surfaces 
with different contact angles and degrees of contact-angle hysteresis, and therefore a 
framework that is capable to model this movement enables researchers to associate 
structures on superhydrophobic surfaces with the jumping behavior on these surfaces. 

We develop a dynamic contact angle – incorporating different models – framework 
that combines a VOF-immersed boundary method5. We first validate its performance 
by showing a good agreement with experimental studies of jumping droplets, droplet 
sizes down to microdroplet scale (R<20 μm water droplets). We then perform a series 
of simulations to investigate adhesion effect due to contact-angle hysteresis. The 
jumping velocity of the droplet in general decreases with larger hysteresis, while jumping 
and re-attachment to the wall were observed for the first time. The process of oscillating 
of the droplet shape is further discussed with a comparison of the surface and kinetic 
energies in the system, for which the overall energy conversion is minimized when 
hysteresis increases. Finally, we observe the dominance of capillary forces at smaller 
scales, which causes fast dissipation of energy in the system. This happens during 
coalescence due to high peak capillary forces in areas of the interface with high 
curvature, while shape oscillations induced by coalescence are observed. 
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Sculpting Soap Films 

P.-B. Binteina, M. Saint-Jeana, R. Abdallaha, E. Reyssata, J. Bicoa and B. 
Romana 

Capillary forces may deform elastic solids (1) such as single flexible rings (2-4) or cellular 
structures (5). Planar interfaces themselves can be turned into 3D shapes: a drop 
deposited on a thin pattern may fold it up (6) while a thin shell may be crushed by the 
surface of a liquid (7). Here we use the capillary tension of soap films to shape meshes 
laser-cut from thin mylar sheets. The cells within these nets are separated by slender 
beams which easily bend and are prone to buckling. Depending on the geometry of the 
cuts, stiffness of the material and surface tension, the initially stress-free and flat 
structure remains undeformed, or undergoes compression either in its plane or in 3D 
with an undulating shape. Balancing the energies at play provides a set of dimensionless 
parameters to map these configurations. We rationalize the original 3D deformation of 
these elementary systems, and design circular 2D grids which, when activated by 
covering soap films, deploy into programmed cones and saddles. These two families of 
surfaces with either positive or negative Gaussian curvature can be viewed as 
foundations for the design of more complex 3D shapes. 
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Diderot, 75005 Paris, France 
1 Bico et al., Annu. Rev. Fluid Mech. 50, 629 (2018).
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4 Box et al., Phys. Rev. Lett. 124, 198003 (2020).
5 Li et al., Nature 592, 386 (2021).
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7 Timounay et al., Phys. Rev. Lett. 127, 108002 (2021).

Figure 1: A mylar sheet laser-cut into an array of rectangular frames in quincunx and drawn 

from soapy water may adopt an undulating 3D shape (a), while circular arrangements can lead 
to saddle-like (b) or cone-like (c) structures. 

(a) (b) (c)
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On the impact of contact line acceleration in the spreading of 
perfect wetting fluids 

D. Fiorinia,b, M.A. Mendezb, A. Simoninib, J. Steelantc,d and D. Sevenoa

The angle of contact of a gas-liquid interface with a solid surface is a function of the 
dynamics of the contact line. Although numerous experiments have been performed 
in simplified conditions, no accurate data exists for the case of low surface tension 
fluids subjected to high accelerations. Such conditions are typical of cryogenic space 
propellant management operations and the control of the new generations of 
microfluidic devices. 
In this work, we investigate the shape of a liquid interface and the corresponding 
contact angle in accelerating interface conditions. Low surface tension fluids are 
studied both in ambient and cryogenic conditions with the same experimental 
configuration. The experimental test case is a quasi-capillary u-tube partially filled with 
the test liquid. The liquid interfaces on the two sides of the tube are positioned at 
different heights by means of pressure difference, the experiment starts by connecting 
the two sides and letting the interfaces reach the equilibrium position. 
The results show that traditional models fail to describe the interface shape when 
inertia plays a large role in the motion of the interface. On the other hand, the role of 
the contact angle increases when approaching a steady interface velocity. We propose 
a new model for a moving interface in axial-symmetric channels and we discuss the 
impact of the contact angle on the interface shape for different acceleration regimes.  
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c
Dep. Mechanical Engineering, KU Leuven, Celestijnenlaan 300 – box 2420 3001 Leuven 

d
ESTEC-ESA, Keplerlaan 1, 2200AG, Noordwijk, The Netherlands 

Figure 1: (a) Experiment configuration. (b) Experimental interface shape (circular markers) 

and model (solid line) at different acceleration level. A: high downward acceleration, B: High 
upward acceleration, C: Low acceleration.  
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An Approach for the Condensate Removal from A Horizontal 
Surface  

Tibin M Thomasa, Pallab Sinha Mahapatraa 

Vapor-liquid phase change phenomenon is ubiquitous in many industrial applications 
like power plants, refrigeration systems, thermal management devices etc. The 
continuous removal of condensate is necessary to enhance the overall performance of 
the condensers and in the most systems condensate is removed by gravity. However, 
in the absence of gravity, the condensate flood over the surface and the efficient 
condensate removal from the surface become challenging. This research provides a 
unique condensate transport method that takes advantage of passive transport on a 
wettability patterned substrate and continous condensate absorbtion in the 
surrounding wicking reservoir (see Fig. 1) to avoid the flooding on a horizontal 
surface. The proposed wettability pattern consists of wedge shaped superhydrophilic 
region on a superhydrophobic surface.  The condensate produced as droplets in the 
superhydrophobic region grows and migrates to the condensate film produced in the 
superhydrophilic wedge by capillary-driven pumping. The accumulated condensate in 
the wedge region is then passively transported by Laplace pressure gradient from the 
narrower to the wider region, and subsequently absorbed by the wicking reservoir. 
This research also looks into the various modes of droplet transport from the 
superhydrophobic to the superhydrophilic region, lateral spreading of condensate, as 
well as the overall condensation heat transfer coefficient by performing experiments 
in a controlled environment. The proposed technology could be applied for the 
temperature and humidity control systems in zero-gravity environment.  

Figure 1: (a) Schematic of experimental setup (b) Design of wicking reservoir, 
consisting of multiple layers of laser cut filter paper (c) The schematic of wettability 
pattern on a superhydrophobic surface. The green shaded region represents the 
superhydrophilic area. Here, w = 0.35 mm, c = 2 mm, b = 5 mm, α= 10°. 
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Effect of ventilation on exhaled air in enclosed spaces 

G. Hunta, A. Cammaranoa, and A. Bussea

In the current pandemic of COVID-19, airborne transmission has been identified as 
an important mechanism to spread virus-containing particles from infected to 
uninflected people (e.g., during breathing). Currently there is a push to investigate the 
effect various forms of ventilation may have on the transmissibility of the virus in an 
enclosed environment, concentrating on aerosols which may be carried by air currents 
for substantial times and distances. The computational model in this study solved the 
continuity, momentum, energy, and turbulence conservation equations in a three-
dimensional domain under non-isothermal conditions. The room contains a single 
breathing source from a simplified humanoid. Using a passive scalar, with a value of 
one for the exhaled breath and zero everywhere else, the exhaled air was tracked as it 
diffused into the environment. The ventilation was set to deliver 1 to 10 air changes 
per hour (ACH). Variation in breath tidal volume, breaths per minute, and ACH as 
well as ventilation location were modelled. The humanoid surface was set to thermal 
conditions to accurately portray the body plume. This allowed for a wide range of 
room orientations and breathing conditions to be studied. The positioning, and ACH 
value of the ventilation was found to have great effect on the passive scalar values 
within the room as well as the location of high concentrations as shown in Figure 1. 

a
James Watt School of Engineering, University of Glasgow, Glasgow, G12 8QQ, UK 

Figure 1: Ventilation position and ACH value effect on the value of the Breath passive 
scalar. Inlet on the left and outlet on the right in each ventilation geometry shown. 
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Diffusiophoresis in cellular flows:
from enhanced dispersion to blockage

F. Raynal1, M. Bourgoin2, C-É Bréhierc and R. Volkb

We study the dispersion of colloids in a two-dimensional cellular flow u(x,y)=u0 (sinkx 
cosky, −coskx sinky), in the presence of a mean salt gradient G. The colloids are

coupled to the salt concentration S through a drift velocity of the type vdp=α∇S, and
therefore move with a total velocity v=u+vdp. Because of the imposed gradient and
molecular diffusion, the salt rapidly reaches a stationary state[1].  Using Eulerian and 
Lagrangian simulations, we then study demixing of diffusing colloids, starting from a 
uniform initial distribution; after a transitory phase we expect the colloids to get a 

mean velocity vm=⟨u⟩+α⟨∇S⟩= αG. However, we obtain a very different picture:
whether the colloids move indeed with a mean velocity colinear to G, but much higher
than αG, or they are trapped in a cell (figure 1).

1
LMFA, CNRS / Univ Lyon, École centrale Lyon, Écully, France

2
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c Institut Camille Jordan, CNRS / Univ Lyon, Villeurbanne, France
1 Shraiman, Phys. Rev. A 36, 261 (1987) 

Figure 1: Colloids in 4 adjacent cells of the velocity field (Lagrangian simulations). Parameters 
are k=1, G=1, u0=1,  α=10-3, and the salt Péclet number is Pes=314. On the left, the salt Péclet
number is Pec=3141, case when the colloids move under the effect on the salt; on the right,
Pec=3,141×105: the colloids are blocked in the cells.  
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A study of slip length of alkali chloride solutions in uncharged graphene nanochannels 

Amith Kunhunnia,b, Sridhar Kumar Kannamb, Sarith P. Sathiana, B. D. Toddb and 
P. J. Daivisc 

To understand the influence of  fluid slippage on electrokinetic transport, we carried out non equilibrium 
molecular dynamics simulation to study the effect of  concentration and alkali cation types (Li+, Na+, and 
K+) on the hydrodynamic slip of  various alkali chloride solutions in an uncharged graphene nanochannel. 
The graphene–electrolyte interactions were modelled using the potential of  Williams et al. [J. Phys. Chem. 
Lett. 8, 703 (2017)], which uses optimized graphene–ion Lennard-Jones interaction parameters to effectively 
account for surface and solvent polarizability effects on the adsorption of  ions in an aqueous solution to a 
graphene surface. In our study, the hydrodynamic slip exhibits a decreasing trend for alkali chloride 
solutions with increasing salt concentration and the reduction in the slip length is very much dependent on 
the salt type. We also found a contrasting behaviour for slip length calculated using a standard unoptimized 
interatomic potential obtained from the Lorentz–Berthelot mixing rule for the ion–carbon interactions, 
which is not adjusted to account for the surface and solvent polarizability at the graphene surface. The slip 
length of  alkali chloride solutions in the unoptimized model shows only a nominal change with salt 
concentration and is also independent of  the nature of  salts. Our study shows that adoption of  the 
computationally inexpensive optimized potential of  Williams et al. for the graphene–ion interactions have 
a significant influence on the calculation of  slip lengths for electrolyte solutions in graphene-based 
nanofluidic devices. 

Figure 1: Slip length of KCl, NaCl, and LiCl solutions as a function of salt concentration in the centre of the 
graphene nanochannel for optimized model. 

Figure 2: Slip length of KCl, NaCl, and LiCl solutions as a function of salt concentration in the centre of the 
graphene nanochannel for unoptimized model. 

1003



Influence of inhomogeneous mass distribution along the 
measuring tubes on the measuring quality of a U-shaped, dual-

tube Coriolis mass flow meter 
J. Seybolda, U. Janoskea

The precise detection of a mass flow is a basic requirement in numerous areas of 
modern society and technology and usually mean high costs if inaccuracies are to be 
avoided. There are numerous possibilities for the measurement of a flow, but a 
measurement via a Coriolis mass flow meter (CMF) not only determines the volume 
flow, it also allows a conclusion directly on the transferred mass to a high precision 
level1. This unique method can use the Coriolis effect to determine the phase shift 
from the inlet to the outlet side of the device, which is proportional to the mass 
transferred. There are many different variations and forms of CMF, but they all have 
one thing in common: a harmonic excitation of the mass-transferring measuring tubes 
creates the basis for the emergence of the Coriolis force.  
To ensure a reliable operation, a CMF should be kept in a quiet environment and not 
be exposed to external influences and vibrations, that can drastically affect the 
measurement result. If the measuring tubes of a CMF are not sufficiently balanced, 
interfering vibrations from the system itself can occur, which can be fed back into the 
system and could potentially lead to further measurement errors. In order to prevent 
the occurrence of vibrations, care must be taken to ensure balanced measuring tubes. 
However, disturbing inhomogeneities can already occur during the production process 
due to general tolerances and manufacturing influences, such as stresses and material 
imperfections.2 Current research shows gaps on the influence of these mass 
imperfections on a CMF. For this purpose, the influences on measurement accuracy, 
repeatability, as well as phase shift and zero-point stability are investigated in more 
detail. Therefor data sets are generated using a calibration setup, laser vibrometry and 
an impulse hammer to establish correlations between inhomogeneous mass 
distribution, operating and modal frequencies, amplitudes and accuracy degradation 
using a commercial, midsized, dual-tube CMF.  

Figure 1: Illustration of a CMF measurement error at 50% mass flow due to different mass 

inhomogeneities along the u-shaped measuring tubes in radial direction. 
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Impact of negative geostrophic shear on wind farm performance 

A. Stierena, J. H. Kaspera, S. N. Gaddea and R. J. A. M. Stevensa

The performance of wind farms depends strongly on the interaction with the 
atmospheric flow above. In simulations and models of wind farms, the pressure 
gradients are typically assumed to be vertically uniform. We use large-eddy simulations 
to study the impact of negative geostrophic wind shear, i.e. height-dependent pressure 
gradients, on wind farm performance. Introducing negative geostrophic shear is a 
simple means to incorporate effects of baroclinicity, though changes to the thermal 
structure of the atmosphere are neglected. In stable and conventionally neutral 
atmospheric conditions, negative wind shear can increase vertical momentum fluxes 
between 200 and 600 meters1,2, i.e. just above the height where modern wind turbines 
are installed. In addition, the height of the low-level jet is lowered due to the wind 
shear, and its peak velocity is decreased relative to hub-height velocity, as depicted in 
Figure 1(a). The performance of large wind farms strongly depends on the generated 
vertical kinetic energy entrainment by the interaction of the atmospheric flow with the 
wind farm. Surprisingly, we find that a wind farm does not benefit from the enhanced 
vertical momentum flux resulting from the wind shear. In fact, negative shear 
baroclinicity negatively impacts the performance of downwind turbines, as shown in 
Figure 1(b), due to the lowered relative jet strength and height. Using an energy 
budget analysis, we show that downward momentum transport can decrease in 
baroclinic conditions. This results from the relatively lower amount of energy that is 
available above the wind farm. This demonstrates that baroclinicity effects should be 
incorporated in wind farm design tools that predict wind farm performance based on 
geostrophic wind conditions. 
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Figure 1: Inflow and wind farm properties for baroclinic cases (with shear) and a barotropic 

case (without shear). (a) Inflow velocity normalised with hub-height velocity. Thin lines 
represent the geostrophic forcing. (b) Normalised power output per turbine row. 
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A transient quasi-2D non-isothermal PEMFC model 

F. Altmanna,b, D. Kuzdasa, D. Murschenhofera,c and S. Brauna

Proton exchange membrane fuel cells (PEMFCs) are a promising alternative power 
source for mobile and stationary devices. The high energy density combined with high 
efficiency are the main advantages of a PEMFC. Their dynamic operation, however, is 
still very challenging, since unmeant destructive states reduce durability and 
uncontrolled formation of liquid water in the porous electrodes affects the fuel cell 
performance. The prediction of the spatio-temporal temperature distribution within 
the PEMFC is crucial in both cases. Our model aims to bridge the gap between 
numerically expensive, highly complex 3D models and fast 0D/1D models which lack 
spatial resolution, and to capture electrochemical behavior as well as heat and mass 
transfer.  

We extended the isothermal PEMFC model by Murschenhofer et al.1 to describe 
the effects of changing temperature. For each domain the governing differential 
equations are derived from the 3D integral conservation laws. This approach allows to 
capture heat fluxes between the bipolar plates (BP) and membrane-electrode-assembly 
outside the considered x1-x2 plane in a quasi-2D manner, see Fig. 1. To simulate 
realistic fuel cell behavior various interchangeable operating modes are implemented.  

Application of a Chebyshev spectral collocation method, linearisation of the 
governing equations with respect to the previous time step, and using adaptive time 
stepping, assures fast computation. Our non-isothermal model is validated in terms of 
predicted temperature distributions versus steady-state simulations of a 3D fuel cell by 
Cao et al.2  

The presented model is developed for comprehensive parameter studies, control 
unit adjustments or state predictions, e.g. the response to cell cooling failure, fuel 
starvation or membrane drying and flooding.  
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2 Cao et al., Int. J. Heat Mass Transf. 87, 544 (2015)

Figure 1: (a) 3D PEMFC geometry with the modelled domain, bounded by red dashed lines 
and the considered 2D plane in green. (b) Discretised quasi-2D model domain with cathode 
(CAT) and anode (ANO) gas channels (GC) and the membrane-electrode-assembly consisting 
of gas-diffusion-layers (GDL) and the proton exchange membrane (PEM).  
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Impact of wind farm wakes on downstream wind 

farms
A. Stierena, and R.J.A.M. Stevensa

The number of wind farms is expanding due to the increasing demand for renewable energy. 

Especially in offshore regions, several wind farms are constructed in the direct vicinity of 

other wind farms. Depending on the wind farm size and layout and the prevailing atmospheric 

conditions, the wakes of the individual wind turbines might merge and form a wind farm 

wake. Wind farm wakes have been measured up to 55 km downstream of a wind farm12, 

emphasizing the importance of studying how these wind farms develop and impact other 

wind farms. However, the interaction of wind farms that are built close to each other are not 

yet fully understood. We use large eddy simulations (LES) to study the interaction of two 

large scale wind farms that are separated by 5; 10 and 15 kilometers. The layout of the farms 

is horizontally staggered, and one aligned case is considered to study the effect of the wind 

farm layout on the cluster wake. Our results show clear wind speed deficits behind the 

upstream farm that negatively influence the power production of the downstream positioned 

farm. To be specific, the first row of the downstream farm only produces 67% of the first row 

of the upstream farm when the wind farms are separated by 5km. Increasing the distance 

between the farms to 15 km increases this value to 87%. Interestingly, the power production 

in the rows positioned further downstream in the downstream wind farm approaches the 

values of turbines at an equivalent position in the upstream farm. This effect can be explained 

by the enhanced vertical kinetic energy flux behind the upstream farm that allows a faster 

wake recovery inside the downstream farm. 

FIG. 1 Instantaneous horizontal velocity magnitude at hub height. Streamwise and spanwise direction 

are normalized by the length and width of the wind farm. The downstream wind farm is positioned 10km 

behind of the upstream wind farm. 

a
Physics of Fluids Group, Max Planck Center Twente for Complex Fluid Dynamics, University of 

Twente, 7500 AE Enschede, The Netherlands
1 Schneemann J, Rott A, Dörenkämper M, Steinfeld G, Kühn M. Cluster wakes impact on a far-distant 
offshore wind farm’s power. Wind Energy Science 2020;5(1):29–49. 
2 Cañadillas B, Foreman R, Barth V, Siedersleben S, Lampert A, Platis A, et al. Offshore wind farm wake 
recovery: Airborne measurements and its representation in engineering models. Wind Energy 
2020;23(5):1249–1265. 
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Entrance length estimates for flows of power-law fluids in pipes 
and channels 

C. Lampridea, A. Syrakosa and G.C. Georgioub

The entrance length needed for pipe and channel flows to re-adjust from a uniform to 
the fully-developed velocity profile is usually defined as the length required for the 
centreline velocity to reach 99% of its fully-developed value. This definition may be 
quite inaccurate in non-Newtonian flows with almost flat velocity distributions near 
the centreline. Shear-thinning and viscoplasticity may cause the flow close to the 
centreline, to evolve faster than that closer to the walls. Thus, alternative definitions of 
the entrance length have been proposed for viscoplastic flows.1,2  

In the present work, we numerically solve the flow development of power-law 
fluids in pipes and channels and calculate the entrance length as a function of the 

transverse coordinate, determining the global entrance length, gL , along with the 

standard centreline estimate, 
cL . We also consider an alternative definition, 

tL , based 

on the evolution of the wall shear stress. Results have been obtained for values of the 
power-law exponent n ranging from 0.2 to 1.5 and for Reynolds numbers (Re) up to
2000. In pipes, centreline and global entrance lengths coincide for n>0.7, i.e., the flow
indeed develops more slowly at the symmetry axis. This is not the case, however, as 
the fluid becomes more shear thinning. Big differences are observed, which are more 
pronounced at low Re (Fig. 1a) The stress entrance length is smaller than the classical
centreline entrance length except for n<0.4 and n>1.45. More dramatic are the

differences in channel flow. For n<1 (shear thinning),
cL is smaller than

tL and gL

(Fig. 1b). The differences are relatively reduced as Re and n are increased.

a
Dept. Mechanical and Manufacturing Engineering, University of Cyprus, PO Box 20537, 1678 

Nicosia, Cyprus 
b

Dept. Mathematics and Statistics, University of Cyprus, PO Box 20537, 1678 Nicosia, Cyprus 
1 Philippou et al., J. Non-Newton. Fluid Mech. 234, 69 (2016).
2 Panaseti and Georgiou, J. Non-Newton. Fluid Mech. 248, 8 (2017). 

Figure 1: Centreline, global and stress development lengths at zero Reynolds numbers: 
(a) Pipe flow. (b) Channel flow.
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