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Preface

The 10th European Fluid Mechanics Conference (EFMC10) is held at the Technical University of
Denmark in Copenhagen (Lyngby) during September 14-18, 2014. This conference is the 10th in
the series started in Cambridge in 1991 and continued in Warsaw (1994), Géttingen (1997),
Eindhoven (2000), Toulouse (2003), Stockholm (2006), Manchester (2008), Minchen (2010), and
Rome (2012). The conference aims at covering the whole field of Fluid Dynamics, comprising from
most fundamental aspects to recent applications. It provides a world-wide forum for scientists to
meet each other and exchange information of all aspects of fluid mechanics, including instability,
swirl flows, aerodynamics, transition, acoustics, turbulence, multi-phase flows, non-Newtonian
flows, bio-fluid mechanics, reacting and compressible flows, as well as various applications.

This volume of abstracts comprises all presentations of the conference, including eight plenary
lectures, and nearly 500 contributed papers, presented in either oral sessions or during five mini-
symposia. The abstracts are sorted chronologically after the day of presentation, corresponding to
the way they appear in the conference programme. At the end of the book you will find a list of
presenting authors, listed alphabetically, and the page number where their abstract appear.

| like to thank the EFMC committee and the local organizing committee for their work with the
evaluation and selection process. In particular, | thank Marianne Hjorthede Arbirk for her
invaluable help in preparing the conference and this book of abstracts.

Jens N. Sgrensen, chairman EFMC10
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Simulating particulate flows

Andrea Prosperetti?

Situations in which particles are suspended in a fluid medium occur very frequently in Nature and technology.
Examples include sediment transport, sand storms, fluidized beds, suspensions and many others. Problems of
this type are usually treated on the basis of very simplified models of uncertain physical realism. Furthermore,
some averaged equations models even suffer from mathematical pathologies. Progress requires a better
understanding of the microphysics which, in turn, must be based on a detailed resolution of the fluid-particles
interaction. Computationally this requirement is very difficult to meet as the particles represent a complex, time-
dependent internal boundary for the fluid domain. The immersed boundary method has proven effective in
dealing with the problem. A physics-based, related, but different, method - Physalis - is described in this talk and
its capabilities illustrated with a variety of examples.

[Supported by NSF grant CBET 1258398]

? Department of Mechanical Engineering, Johns Hopkins University, Baltimore USA & Department of Applied Science, University of
Twente, Enschede, The Netherlands






Vegetation Hydrodynamics at the Blade and Canopy Scale

H.M. Nepf? and J.T. Romingerb

The presence of coral, seagrass, kelp and other macrophytes influences the velocity field across several scales,
ranging from individual elements, such as branches, blades, and polyps, to the community of elements, called the
canopy or meadow. In the first part of this talk, I will discuss plant-flow interaction at the blade-scale, which is
relevant to the uptake of nutrients and the blade-scale drag. In the second part of this talk, I will describe flow at
the canopy scale, focusing on the obstructed shear-layer that forms at the top of a meadow and how its structure
dictates the flow and transport within the canopy.

At the blade-scale, we consider how changes in blade flexural rigidity impact both the drag on the blade and
the mass flux to the blade surface. Many species of kelp change their blade morphology in response to the local
flow environment. In regions of high current and waves the blades increase their thickness and develop
corrugations running parallel to the long axis of the blade. These morphological changes increase the blade’s
rigidity and thus change its response to flow. In this first case study, model blades are constructed from sheets of
high- and low-density polyethylene and placed in flume. A lateral bar is used to produce a von Karman vortex
street. The vortex street provides a single scale of periodic turbulence that enables simpler interpretation of the
blade motion. The blades are mounted on a load sensor to record drag in the streamwise direction. Mass flux to
the blades is measured by dosing the flume with dibromochloromethane, exposing the blades for specific
durations of time, and measuring the mass accumulation within the blade through chemical analyses. Finally, the
blade motion is recorded and analyzed using digital video. The study considers six different blades of different
thickness that represent a six decade variation in blade flexural rigidity. As the blade rigidity increases, the blade
motion in response to the passing vortices decreases, the mean and peak instantaneous drag decreases, and the
mass flux to the blade decreases.

At the canopy-scale, we consider how canopy-generated turbulence impacts transport and sediment
resuspension. The drag-discontinuity at the top of a submerged canopy creates a shear layer, which in turn
generates coherent vortices that control exchange between the vegetation and the overflowing open water.
Unlike free-shear-layers, the vortices in this obstructed-shear-layer do not grow continuously downstream, but
reach and maintain a finite scale determined by a balance between shear-production and canopy dissipation.
This balance defines the length-scale of vortex penetration into the canopy, d,, which is inversely related to the
stem density. Over this length-scale vertical turbulent transport strongly influences the canopy flow dynamics.
Deeper within canopy, however, the turbulence scales are constrained and flow is diminished. The penetration
length-scale defines two possible flow regimes. Consider a submerged canopy of height 4. In sparse canopies,
0./h = 1 and the shear-layer turbulence penetrates through the entire canopy down to the bed. Turbulence
within the canopy is elevated, relative to adjacemt bare-bed conditions, promoting resuspension of material
within the bed. In dense canopies, 6,/4 < 7 and the sheat-layer turbulence does not penetrate through the entire
canopy, so that the near-bed conditions have diminished mean and turbulent velocities, relative to adjacent bare-
bed, which promotes sediment deposition and retention. Using a few cases studies, we show how the ratio ./4,
which can be predicted from canopy morphology, predicts shifts in resuspension and deposition observed in real
and model systems.

: Dep. Civil and Environmental Engineering, MIT, 77 Massachusetts Ave., Cambridge, MA, USA
b Dep. Civil and Environmental Engineering, MIT, 77 Massachusetts Ave., Cambridge, MA, USA



Lattice Boltzmann simulations of
complex flows across scales of motion

Sauro Succi,

IAC-CNR, Rome, Italy and TACS Harvard, Cambridge USA,
May 4, 2014

Abstract

In the last two decades, the Lattice Boltzmann (LB) method has attracted ma-
jor interest as an efficient computational scheme for the numerical simulation
of complex fluid problems across a broad range of scales, from fully-developed
turbulence in complex geometries, to multiphase microflows, all the way down
to biopolymer translocation in nanopores and lately relativistic flows in quark-
gluon plasmas.. In this talk, after a brief introduction to the main ideas behind
the LB method, we shall illustrate recent applications to fluid turbulence, multi-
scale hemodynamics, soft-glass rheology and, as time allows, shock propagation
in quark-gluon plasmas. Future developments and major challenges ahead will
also be briefly touched upon.



Wind Energy and the Need to Understand Turbulence
Joachim Peinke

Wind energy has become one of the cheapest energy sources that can be used for our human energy demand.
Thus more and more wind turbines are installed preferably in regions with high wind speeds and so they are
operating under highly turbulent working conditions. Wind turbines can be considered as the largest turbulence
machines we construct nowadays. For the design of wind turbines several aspects of the features of the turbulent
wind conditions are taken into account. In this contribution we will discuss how far this standard wind
characterization is sufficient. We will discuss which aspects of the advanced understanding of turbulence are
relevant for the wind energy conversion process and where we see new challenging research topics related to
turbulence and wind energy.



Uncertainty Quantification in Flow Simulations
Challenges and Opportunities

Gianluca Iaccarino & Michael Emory
Mechanical Engineering, Stanford University

Computational fluid dynamics (CFD) is widely used in a range of engineering applications. Despite
its ability to produce comprehensive and detailed information, a rigorous characterization of the
prediction accuracy is typically difficult and often limited by the availability of physical
measurements. Even for cases in which experimental data are available a meaningful assessment of
the simulation quality might be affected by inconsistencies in the operating scenario, the boundary
conditions, or the geometrical configuration, or imprecise measurements. In general, these
differences are sources of uncertainties but should not affect the intrinsic quality of CFD simulations;
on the other hand, they can lead to large discrepancies if not accounted for in the comparisons
between measurements and predictions. If all the uncertainties in the measurements can be identified
and estimated, they can be effectively propagated in CFD simulations (typically within a probabilistic
framework) and properly quantified leading to a fair, albeit statistical, validation assessment.
Unfortunately the uncertainties described above, are not the only ones potentially reducing the
prediction abilities of CFD simulations, especially in the context of turbulent flows. RANS closures
typically used in industry introduce uncertainty into simulations because of assumptions and intrinsic
limitations in general related to the form of the model itself. To date there is no well-established
framework to quantify the effect of this further uncertainty on the resulting predictions. In the last
few years we have introduced a novel approach to construct uncertainty estimates related to RANS
models borrowing ideas from error estimates in numerical analysis. The driving principle is that, in
general terms, it might be easier to define bounds for a quantity instead of characterizing it precisely:
bounds can be based on theoretical reasoning or fundamental properties and can be defined even
without a detailed knowledge of the underlying physical process. In the present context, we start by
identifying the basic hypotheses used in the model formulation and to construct local sensors based
on computable quantities to track their validity: in the absence of violations the computations can be
considered valid and free from model-form uncertainties. On the other hand, the identification of
flow conditions not consistent with the initial assumptions must trigger the injection of uncertainty.
These will negatively affect the confidence in the end results. The presentation will illustrate the basic
ideas and the analysis tools we developed: specifically the concept of eigenvalue perturbations and
error markers. The proposed approach provides also insight into the importance of modeling
assumption and how simple closures can actually be modified to increase their accuracy. The present
methodology has been applied to a vatiety of problems, from simple turbulent flow in channels and
ducts, to more complex physical situations involving flow separation and shock/boundaty layer
interactions, but also to extremely complex three-dimensional simulations of high-speed combustion
chambers.



THE FLUID MECHANICAL CONSTRAINTS OF PLANKTONIC LIFE IN THE OCEAN

Thomas Kierboe, Centre for Ocean Life, DTU Aqua

Marine zooplankton, sub-mm-sized, blind organisms, swim and feed in a nutritionally dilute and viscous
environment. To get enough food they have daily to collect microscopic phytoplankton particles from a volume
of sticky water that corresponds to about 10° times their own body volume. And when swimming and feeding
they generate far extending fluid disturbances that attract their predators. I will describe how these small
organisms manage the fundamental dilemma of simultaneously being predator and a prey in a low Re fluid
environment that is fundamentally different from the environment in which we live. I will show high-speed
videos of their feeding and swimming, visualize the flow they generate using PIV, describe how they can swim in
ways that minimize the fluid disturbance that they generate, and present simple analytical as well as CFD models
that we use to understand how these small organisms optimize the tradeoffs associated with feeding and
swimming,



Soft Wetting: Liquid drops on elastic solids
Jacco Snocijer*

The wetting of a liquid on a solid usually assumes the substrate to be perfectly rigid. However, this is no
longer appropriate when the substrate is very soft: capillary forces can induce substantial elastic deformations, as
has been demonstrated e.g. for drops on elastomers. In this talk we discuss the fundamentals of elasto-capillary
interactions. Experiments,! theory? and simulations? reveal the surprising nature of capillary forces, which turn
out to be different from anything proposed in the literature. This is due to the “Shuttleworth effect”: while for
liquid interfaces the surface free energy is equivalent to the surface stress, this is no longer the case when one of
the phases is elastic.* A remarkable consequence is that the elastic displacements below a droplet (Fig. 1a) differ
from those below a bubble (Fig. 1b), even for a 90 degrees contact angle.> We work out droplet shapes on very
soft substrates® and establish how the contact angle differs from Young's law owing to elastic effects.

2 Physics of Fluids Group, Faculty of Science and Technology, University of Twente, 7500 AE Enschede, The Netherlands
& Department of Applied Physics, Eindhoven University of Technology, PO Box 513, 5600 MB Eindhoven, The Netherlands
1 A. Marchand, S. Das, J.H. Snoeijer and B. Andreotti, Phys. Rev. Lett. 108, 094301 (2012).
2 A. Marchand, S. Das, ].H. Snocijer and B. Andreotti, Phys. Rev. Lett. 109, 236101 (2012).
3 J.H. Weijs, B. Andreotti and J.H. Snocijer, Soft Matter 9, 8494 (2013).
4 R. Shuttleworth, Proc. Phys. Soc., London Sect. A, “The sutface tension of solids”, 63, 444-457 (1950).
5 L.A. Lubbers, J.H. Weijs, L. Botto, S. Das, B. Andreotti and J.H. Snoeijer, J. Fluid Mech. 747, R1 (2014)
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Figure 1: Molecular dynamics simulations of a drop (a) and a bubble (b) on a deformable substrate, both with a contact
angle of 90 degrees. Top: snapshot, blue particles are liquid atoms, red particles are solid atoms, cyan particles are gas atoms.
Bottom: local displacement (ted arrows) of the solid due to the presence of the drop/bubble (shown by liquid isodensity

contours). Note that the tangential displacement near the contact line is different from both situations: in the drop case the
solid is pulled inwards whereas in the bubble case the solid is pulled outwards.



Recent progress and new challenges in Astrophysical Fluid Dynamics

Michel Rieutord

Astrophysical objects like giant planets, stars, accretion discs, interstellar
clouds, galaxies or clusters of galaxies are the scenes of a large variety of fluid
flows that control the dynamics of these objects.

Even though these objects are extreme by their size and physical nature,
the fluids that are to be dealt with are no more different than the usual new-
tonian fluids, except that they are often ionized gases and thus conductors
of electricity. As a consequence, magnetic fields are important and the dy-
namics is governed by magnetohydrodynamics equations. But the extreme
size of the object implies extreme values in the nondimensional numbers that
characterize the flows. For instance, typical Reynolds numbers in the Sun
easily reach 10'2. Tt is therefore expected (and observed!) that turbulence
plays a central part in most of the astrophysical fluid dynamics problems.
Turbulence hindered much of the progress of the field until computers have
been able to simulate, not unrealistically, typical astrophysical situations, a
step that has been accomplished in the last decade.

In this lecture, I shall review some of the acute problems that astrophysi-
cists are facing as far as fluid dynamics is concerned. I’ll therefore present
the challenges that are faced when one wishes to understand the formation of
stars in a gravitationally collapsing interstellar cloud or the fall of matter into
a gravitational well (a young star, a white dwarf, a black hole...) through
the so-called accretion discs. I'll also discuss the challenges that our Sun
prompts to us either as a star or as the object controlling the space weather
that affects the close environment of the Earth. Wandering among the stars,
I’ll review the recent progresses that have been made about the role of rota-
tion on the internal baroclinic flows and on the eigenmodes that are observed
but yet unidentified. Finally, I'll end this lecture with a short review of the
recent progresses made in the simulation of one of the most violent event
in the Universe, namely the explosion of a supernovae, underlining the fluid
dynamics problems that have to be challenged.
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Flagellar locomotion: A mechanical optimum

Christophe Eloy?, Eric Lauga®

From algae to vertebrates, numerous eukaryotic cells use flagella or cilia to produce flows or self-propel. The
structure of these organelles, called the axoneme, is generally made of nine peripheral doublet microtubules
whose relative sliding produces bending (Fig. 1a). Although this internal structure has been highly conserved
throughout evolution, the reason of this particular arrangement has so far proven elusive. Another open problem
is the following: given the mechanical properties of the axoneme, what is the optimal flagellar waveform among
all possible shapes? Here, these questions are examined from a mechanical perspective.

To address the optimal number of doublet microtubules in the axoneme, we suppose that this optimum
results from a balance between two opposite effects: a too small number of microtubules yields energetic losses
because the structure cannot fully align with arbitrary bending directions; and conversely, a too large number
tends to increase the energy needed to produce flow by increasing the organelle radius. With these arguments, it
is found that the optimal number of doublet microtubules is nine, in agreement with experimental observations.

The question of the optimal flagellar beat pattern is addressed by computing the optimal shape of an infinite
flagellum deforming as a travelling wave. The optimal shape is here the waveform leading to a prescribed
swimming speed with minimum energetic cost, which is itself calculated by considering the irreversible internal
power expanded by the internal motors bending the flagellum. It is important to note that only a portion of this
power ends up dissipated in the fluid, the rest being dissipated internally because of the irreversibility of the
molecular motors producing bending moments. This optimisation approach allows us to derive a family of
shapes depending on a single dimensionless number quantifying the relative importance of elastic to viscous
effects: the Sperm number (Fig. 1c). The computed optimal shapes are found to agree with the waveforms
observed on spermatozoon of marine organisms' (Fig. 1b).

These studies suggest that the structure of the axoneme and the observed flagellar beat pattern are consistent
with selection of the lowest energetic costs.

* Aix Marseille University, CNRS, Centrale Marseille, IRPHE, 13384 Marseille, France

b DAMTP, University of Cambridge, Centre for Mathematical Sciences, Cambridge CB3 0OWA, UK
1 Lauga and Eloy, |. Fluid Mech. 730, R1 (2013)

2 Brennen and Winet, Ann. Rev. Fluid Mech. 9, 339 (1977)

3 Brokaw, J. Exp. Biol 43, 155 (1965)
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Figure 1: (a) Axoneme structure?. (b) Stroboscopic photographs of a swimming tunicate spermatozoon®. (c) Optimal
shapes of an infinite flagellum for different rigidities! (most flexible at the top).
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Characterization of Intracellular Streaming Flows and Traction Forces in Migrating
Physarum Plasmodia
Shun Zhang", Ruedi Meili*, Robert D. Guy, Juan C. Lasheras*!, Juan C. del Alamo®

Physarum plasmodium is a large (~200 pm) amoeba that is used as model organism for microscopic soft
adhesive locomotion. It moves by periodically contracting its body, leading to strong traction stresses at the
interface between its ventral surface and the substrate, as well as fast intracellular streaming. The aim of this
study was to experimentally characterize the relation between traction stresses and intracellular streaming flows,
in order to better understand amoeboid cell migration and to enable the design of soft biomimetic robots.

To this end, single plasmodia allowed to move on polyacrylamide gels of known linear elastic properties
containing fluorescent microspheres. Joint time-lapse sequences of intracellular streaming and gel deformation
were acquired respectively in the bright and fluorescent fields of an inverted microscope at high time resolution.
These image sequences were analyzed using particle image velocimetry to determine intracellular flow speed and
the deformation of the undetlying gel. The traction stresses applied by the plasmodium were computed by
solving the elastostatic equation for the gel using the measured gel deformation as boundary conditions!.

The results reveal a remarkable temporal periodicity in intracellular flow, contact area, cell speed and traction
stresses (T~60 s). Different modes of locomotion were found and characterized in terms of the spatiotemporal
coordination of these quantities. In the most prevalent mode, traction stress waves of strength ~100 Pa
propagated from the tail to the cell front in each cycle. The traction stresses were spatially distributed at the cell
boundaries, suggesting that they are generated by the contraction of the cell 's outer shell (Fig. 1). During these
contraction waves, backward streaming flow was observed (Fig. 1a) while forward flow occurred during the
relaxation phase of the waves (Fig. 1b). These measurements provide, for the first time, a joint characterization
of intracellular mass transport and the forces applied on the substrate of motile amoeboid cells.

# Mechanical and Aecrospace Engineering Department. University of California San Diego, La Jolla, CA
b Cell and Developmental Biology, University of California San Diego, La Jolla, CA

¢ Math Department, University of California Davis, Davis, CA.

d Bioengineering Department, University of California San Diego, La Jolla, CA

1 Del Alamo et al, Proc. Nat. Acad. Sci. 104(33) 13343-13348.
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Intracellular flow speed (um/s)

Figure 1. Traction stresses (hot colormap) and intracellular flow speeds (cold colormap with blue indicating forward and
green indicating backward) in a physarum plasmodium during contraction (a) and relaxation (b).
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Flagellar synchronisation through direct hydrodynamic interactions

Douglas Brumley!, Kirsty Wan?, Marco Polin3 and Raymond Goldstein?

Microscale fluid flows generated by ensembles of beating eukaryotic flagella are crucial to fundamental
processes such as development, motility and sensing. Despite significant experimental and theoretical progress,
the underlying physical mechanisms behind this striking coordination remain unclear. We describe a novel series
of experiments in which the flagellar dynamics of two micropipette-held somatic cells of Volvox carteri, with
measurably different intrinsic beating frequencies, are studied by high-speed imaging as a function of their
mutual separation and orientation (Fig. 1a). From analysis of beating time series, we find that the interflagellar
coupling, which is constrained by the lack of chemical and mechanical connections between the cells to be purely
hydrodynamical, exhibits a spatial dependence that is consistent with theoretical predictions. At close spacings it
produces robust synchrony which can prevail for thousands of flagellar beats, while at increasing separations this
synchrony is systematically degraded by stochastic processes. Manipulation of the relative cell orientation reveals
the existence of both in-phase and antiphase synchronised states, consistent with dynamical theories. Through
dynamic flagellar tracking with exquisite precision, we quantify the associated waveforms and show that they are
significantly different in the synchronised state (Fig. 1b,c). This study unequivocally reveals that flagella coupled
only through a fluid medium are capable of exhibiting robust synchrony despite significant differences in their
intrinsic properties.

1 Department of Civil and Environmental Engineering, MIT, 77 Massachusetts Ave., Cambridge, MA, USA
2 DAMTP, University of Cambridge, Wilberforce road., Cambridge, UK
3 Department of Physics, University of Warwick, Gibbet Hill road., Coventry, UK

recovery

Figure 1: Flagellar waveform changes as two cells are brought to close proximity. (a) Logarithmically-scaled residence time
plots of the entire flagella. The tracked waveforms correspond to 1 ms time intervals over 3 successive flagellar beats. (b)
Angles x,, Xp, X (in radians) measured and (c) their characteristic 3D trajectoties over 8000 frames. Results are shown for the
left cell in the closely (green) and widely (black) separated regimes..
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Active Gel Model of Contractility-based Cell Polarization and Shape Change

A. Callan-Jones? and R. Voituriezb<

Cell polarization, migration, and shape change are required for large-scale movements
during embryo development and cancer metastasis. We present theoretical work based
on experiments using zebrafish embryos during gastrulation as a model system to
understand cell polatization and migration during early development'. Experimentally,
there is now evidence of a novel polarization and migration phenotype for cells within
the gastrula that is dependent on cortical acto-myosin contractility. This polarized state
is also obtained in cells in-vitro through up-regulation of myosin Il activity, in which
initially quasi-spherical, immobile cells undergo a cortical instability to a polarized state.
The polarized cell is characterized by a high cortical density at the cell rear, persistent
cortical actin flows, and a distinctive pear-shape morphology. Using active gel theory?,
we are able to account for these three signatures of the polarized state. Firstly, a
contractile instability of the initially uniform acto-myosin cortex occurs beyond a
threshold myosin activity, leading to density inhomogenecities. Secondly, persistent
cortical flows in the nonlinear steady state occur as a result of cortical tension, friction
between the cortex and its surroundings, and filament turnover. Finally, cortical tension
in the polarized cell results in stresses on the cell bulk, treated here as linearly elastic
cytoplasm, leading to deformation. Using a weakly nonlinear analysis, we find that,
generically, coupling between the two first cortical modes leads to cortical tension
anisotropy, favoring cell deformation consistent with the shapes observed
experimentally.

unpolarized cell polarized cell

Figure 1: Contractility-driven cell polarization. Experimentally (inset), myosin up-regulation by
lysophosphatidic acid (LPA) causes cortical instability and polarization. These features are

captured by our model, which predicts cortical flow (V), density gradients (p), and shape change.

a Laboratoire Matiere et Systemes Complexes, CNRS/Université Paris-Diderot, UMR 7057, 75205 Paris Cedex 13, France
b Laboratoire Jean Perrin, CNRS Fédération Recherche en Evolution 3231, Université Pierre et Marie Curie, 75005 Paris, France

Laboratoire de Physique Théorique de la Matiere Condensée, CNRS UMR 7600, Université Pierre et Marie Curie, 75005 Paris, France

Ruprecht et al., ““Increasing cortical contractility triggers the emergence of a novel amoeboid migration mode in zebrafish embryonic
rogenitor cells” (in preparation)

Kruse et al., Eur. Phys. ]. E 16, 5 (2005)
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Cytoplasm Rheology and Its Role Cellular Blebbing Dynamics

Robert D. Guy!, Wanda Strychalski?, Calina A. Copos?

Blebbing occurs when the cytoskeleton detaches from the cell membrane, resulting in the pressure-driven
flow of cytosol towards the area of detachment and the local expansion of the cell membrane. Recent
experiments involving blebbing cells have
led to conflicting hypotheses regarding the time scale of intracellular pressure propagation. The interpretation of
one set of experiments supports a poroelastic cytoplasmic model which leads to slow pressure equilibration
when compared to the
time scale of bleb expansion!- A different study concludes that pressure equilibrates faster than the timescale of
bleb expansion?. To address this, we develop a dynamic computational model of the cell that includes mechanics
of and the interactions
between the intracellular fluid, the actin cortex, the cell membrane, and the cytoskeleton. Results show the
relative importance of cytoskeletal elasticity and drag in bleb expansion dynamics. We also show that relatively
fast pressure equilibration as a result of cytoskeletal poroelasticity combined with dynamic membrane-cortex
adhesion explain recent experiment results.
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Figure 1: Left: Membrane position and pressure in the bleb model at several time values for both the fluid cytoplasm
(top) and poroelastic cytoplasm (bottom). Right: Pressure difference across the cell as a funciton of time.
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1 Dep. Mathematics, University of California Davis, Davis, CA 95616, USA

2 Dep. Mathematics, Case Western Reserve University, Cleveland OH 44106, USA
1 Charras et al., Nature, 435, 365 (2005).
2 Tinevez et al., Proc. Natl. Acad. Sci. USA 106, 18581 (2009).
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Elasticity on the edge of stability:
controlling the mechanics of intra/extracellular networks

F. C. MacKintosh?

Much like the bones in our bodies, the ¢ytoskeleton consisting of filamentous proteins largely determines the
mechanical response and stability of cells. Unlike passive materials, however, living cells are kept far out of
equilibrium by metabolic processes and energy-consuming molecular motors that generate forces to drive the
machinery behind various cellular processes. Inspired by such networks, we describe recent advances in our
theoretical understanding of fiber networks, as well as well as experiments on reconstituted 7 vifro acto-myosin
networks and living cells. We show that these exhibit a unique state of highly responsive matter near the isostatic
point first studied by Maxwelll2. We show how such internal force generation by motors can control the
mechanics and organization of networks, and even switch floppy or fluid-like and solid-like states3+. We also
show how internal force generation in cellular networks can give rise to diffusive-like motionss.

? Dep. Physics and Astronomy, FEW, VU University, De Boelelaan 1081, 1081HV Amsterdam, THE NETHERLANDS
1 Maxwell, Philos Mag, 27, 294 (1864).

2 Broedersz et al, Nat Phys, 7, 983 (2011).

3 Sheinman et al, Phys Rev Letz, 109, 238101 (2012).

4 Alvarado et al., Na# Phys, 9, 591 (2013).

5 Brangwynne et al., | Ce// Bio/ 183, 583 (2008).

¢ MacKintosh and Schmidt, Curr Op in Cell Bio/ 22, 29 (2010).
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Blood Cells in Microfluidic Flows

D.A. Fedosov® and G. Gompper?

The flow behavior of vesicles and blood cells is important in many applications in biology and medicine. For
example, the flow properties of blood in micro-vessels are determined by the rheological properties of red blood
cells (RBCs). Blood flow is therefore strongly affected by diseases such as malaria or diabetes, where RBC
deformability is strongly reduced. Furthermore, microfluidic devices have been developed recently, which allow
the manipulation of small amounts of suspensions of particles or cells.

Of fundamental interest is here the relation between the flow behavior and the elasticity and deformability of
the blood cells, their long-range hydrodynamic interactions in microchannels, and thermal membrane
undulations!. We study these mechanisms by combination of particle-based mesoscale simulation techniques for
the fluid hydrodynamics with triangulated-surface models'-2 for the membrane. The essential control parameters
are the volume fraction of RBCs (tube hematocrit), the flow velocity, and the capillary radius.

In narrow channels, single red blood cells in capillary flow show a transition from the biconcave disk shape at
low flow velocities to a parachute shape at high flow velocities'3. For somewhat wider channels, other shapes
such as slippers intervene between these states*. At higher volume fractions, hydrodynamic interactions are
responsible for a strong deformation-mediated clustering tendency at low hematocrits, as well as several distinct
flow phases at higher hematocrits, such as a zig-zag arrangement of slipper shapes?. For large vessels, blood
behaves like a continuum fluid, which displays a strong shear-thinning behavior; our simulations show
quantitatively how this behavior arises due to RBC deformability and cell-cell attraction®.

The dynamics of RBCs has also a very strong influence on other particles and cells flowing in microvessels.
For example, RBCs at sufficiently high hematocrit and flow rate lead to a margination of white blood cells
(WBC), i.e., a motion to the vessel wallo’. See below for an illustrationP. This behaviour is closely related to the
hydrodynamic lift force, which pushes non-spherical, tank-treading cells away from a wall; this causes RBCs to
move to the capillary center, thereby pushing WBCs and other near-spherical cells to the wall. This process is
important for WBC adhesion to the vascular endothelium, e.g. in inflammation.

* Institute of Complex Systems and Institute for Advanced Simulation, Forschungszentrum Jiilich, 52425 Jilich, Germany

1 Fedosov, Noguchi, Gomppet. Biomech. Model. Mechanobiol., advance online publication (2013). DOI: 10.1007/510237-013-0497-9.
2 Gompper and Kroll. In Statistical Mechanics of Membranes and Surfaces, 274 edition, edited by Nelson, Piran and Weinberg (World
Scientific, Singapore, 2004).

3 McWhirter, Noguchi, and Gompper. Proc. Natl. Acad. Sci. USA 106, 6039 (2009).

4 Fedosov, Peltomiki, and Gompper. Soft Matter, submitted (2014).

5 Fedosov, et al., Proc. Natl. Acad. Sci. USA 108, 11772 (2011).

¢ Fedosov, Fornleitner, and Gompper. Phys. Rev. Lett. 108, 028104 (2012).

7 Fedosov and Gomppet. Soft Matter, advanve online publication (2014). DOI: 10.1039/C3SM52860].

Figure 1: (a) Snapshot of the margination of a white blood cell in microchannel flow at hematocrit Hy=0.3.
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A hydrodynamic instability in tumor formation
T. Rislers, M. Basan®™, J.-F. Joanny® and J. Prost®

Most tumors originate from epithelia, which are under constant cell renewal. The interface between the
epithelium and the connective tissue often presents different degrees of undulation, which are typically more
pronounced in pre-malignant and malignant tissues where more layers of dividing cells are present. On long
timescales, cellular rearrangements lead to a fluid-like behavior of the tissuede. We propose that the observed
undulations may originate from a mechanical instability due to differential cell flows in the epitheliumf. The
tissue properties that favor this instability match known characteristics of cancerous tissues. When coupled to the
reaction-diffusion equation of metabolites brought by blood vessels located in the connective tissue, the
instability of the cellular flow in the epithelium tissue is enhanced via a mechanism reminiscent of the Mullins-

Sekerka instability in single-diffusion processes of crystal growthg.

a
b

Laboratoire Physicochimie Cutie, Institut Curie UMR 168 (UPMC Univ Paris 06, CNRS), 26 rue d’Ulm, F-75005, Paris, France
ETH Zirich, Institute of Molecular Systems Biology, Ziirich, Switzerland

¢ ESPCI ParisTech, F-75005, Paris, France

d Basan et al.,, HFSP J. 3, 265 (2009)

® Ranft et al., PNAS 49, 20863 (2010)

f Basan et al., Phys. Rev. Letz. 106, 158101 (2011)

g Risler and Basan, New J. Phys., 15, 065011 (2013)
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Mini Symposia:
Particle-laden turbulent flows
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Dispersion of particles from localized sources in turbulence

R. ScatamacchiaP, L. BiferaleP, A. S. Lanottec and F. Toschiade

We present a detailed investigation of particles relative separation in homogeneous isotropic turbulence. We use
data from a 3D direct numerical simulations with 10243 collocation points and Ry=300 following the evolution
of a large number of passive tracers and heavy inertial particles, with Stokes numbers in the range S € [0.5,5].
Many studies!?? have focused on the subject, including extensions to the case of particles with inertia*. In
particular, our simulation aims to investigate extreme events characterizing the distribution of relative dispersion
in turbulent flows. To do that, we seed the flow with hundred millions of particles emitted from localized
sources in time and in space. Thanks to such huge statistics, we are able, for the first time, to assess in a
quantitative way deviations from Richardson's prediction for tracers. Furthermore, we present the same kind of
measures for heavy particles to understand how the inertia affects the pair separation statistics. We also show
that the intermittent corrections to the Richardson prediction are well reproduced by a multifractal prediction for
the scaling behaviours of relative separation moments of tracer pairs. Finally, to disentangle the effects of
different turbulent scales, we present measurements based on the exit time statistics for tracer particles.

2 Dep. of Physics, Eindhoven Univ. of Technology, 5600 MB, Eindhoven, The Netherlands.

b Dep. of Physics and INFN, Univ. of Tor Vergata, Via della ricerca scientifica 1, 00133, Rome, Italy.

¢ CNR-ISAC and INFN, Str. Prov Lecce-Monteroni, 73100, Lecce, Italy.

d Dep. of Mathematics and Computer Science, Eindhoven Univ. of Technology, 5600 MB, Eindhoven, The Netherlands.
¢ CNR-IAC, Via dei Taurini 19, 00185, Rome, Italy.

1L. Biferale et al., Phys. Fluids 17, 115101 (2005).

2 F. Nicolleau and J. C. Vassilicos., Phys. Rev. Letz. 90, 024503 (2003)

3 N. Ouellette et al., New J. Phys. 8,109 (2006).

4]. Bec et al,, J. Fluid Mech. 645, 497 (2010)

Figure 1: An ensemble of particles with St = 0 (red) and heavy particles with St = 5 (blue) simultaneously emitted from a
source of size compatable to the Kolmogorov scale, N. Trajectories are recorded from the emission time, up to time
t= 757” after the emission.
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Making droplets glow in turbulence: preferential concentration

H. Bocanegra Evans?, W. van de Water?, and N.J. Damb

A cloud of monodisperse droplets (with Stokes number of order 1) is churned by homogeneous isotropic
turbulence. The turbulent flow is stirred by 8 loudspeaker-driven synthetic jets inside a turbulent cloud chamber
with sides 0.4 m. 'The Taylor Reynolds number is large, Rey = 450. The droplets are made of a
phosphorescent Europium solution, and are made to glow after illumination with a strong UV laser (Nd:YAG at
355nm). The concentration of glowing droplets is tracked in time using a fast (500 Hz) intensified camera.

By using a planar laser sheet, we prepare an initial distribution as a thin (1 mm thick) sheet. The evolution of
the density field inside this sheet is followed during a few Kolmogorov times. Because of the droplets’ inertia,
this density n(x,t) makes a compressible field with moments nm™(x,t),m>1 increasing in time. This is
indeed verified by the experimental results shown in the Figure. The choice of the experimental parameters,
namely Stokes numbers of order one, and the focus on the shortest turbulence times and the smallest turbulence
length scales, is such that the effects of preferential concentration are strongest.

Selectively tagging droplets and making them glow makes a unique diagnostic for the dynamical behaviour of
droplets in turbulence. Other observations concern the dynamics of clusters, and the dispersion of tiny tagged
clouds of droplets.

* Dep. Applied Physics, Eindhoven University of Technology, Eindhoven, The Nethetlands
b Dep. Mechanical Engineering, Eindhoven University of Technology, Eindhoven, The Netherlands
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Figure: Left: droplet concentration field inside a tagged sheet of droplets. We compute the moments of the concentration
summed in small boxes with size 6.4 1), with 17 the Kolmogorov length. Right: moments n™(x,t) incease exponentially
with time for m > 1.
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Super-clustering of inertial particles in turbulent flow

M. Bourgoin?, M. Obligadob

The tendency of inertial particles to clusterize is one of the most remarkable properties of turbulence-
particles interactions. Possible clustering mechanisms rely on preferential concentration effects, where particles
preferentially sample specific structures of the carrier turbulent field (for instance, heavy particles are
centrifugated out from turbulent eddies, while light particles move toward the center of the eddies). The main
parameter controlling the clustering efficiency is the particle Stokes number St (ratio of particle viscous
relaxation time 7, to the turbulent dissipation time 7, , S=r p/ 7,)- In the present work, we propose an

experimental study, where a new approach for the reconstruction of the concentration field of water droplets
dispersed in active-grid generated turbulence, allows to investigate clustering properties at scales much larger
than previously available data. This new method shows that particles not only form clusters, but that clusters
themselves tend to assemble in super-clusters.

Our experiment runs in a low speed windtunnel where turbulence is generated downstream an active-grid. An

array of injectors seeds the flow with small water droplets (50um in diameter typically). When varying the mean
velocity of the wind, we change the Reynolds number of the flow (between 230 and 400, based on Taylor micro-

scale) as well as its dissipation time-scale 7, , what results in a variation of particles Stokes number between 2

and 10. Particles are visualized using a high-speed camera in a laser sheet parallel to the mean flow. In a previous
work we have shown that a Voronoi tesselation analysis of the recorded images reveals a significant level of
droplets clustering! (much intense than what was previously reported in experiments at lower Reynolds numbers
for the same range of Stokes numbers?). Here, we propose a new analysis of this data, based on a “linear camera”
reconstruction combined to a Taylor hypothesis (common in wind-tunnel experiments). This allows us to
reconstruct the particle concentration field over wide range of scales (from dissipative to metric scales), as shown
in figure 1. Using the Voronoi tesselation analysis we first identify clusters of particles. We then iterate the
Voronoi analysis to investigate the clustering properties of the center of mass of the identified clusters. Our
results show the clear tendency of clusters to form super-clusters with typical dimensions within inertial range
scales. Trends of super-clustering with Stokes and Reynolds numbers will be discussed.

0 100 200 300 7 400 200 600 700 800 900 1000
X (mm)
Figure 1: Reconstruction of a one-meter long particles concentration field, covering more than five times the integral

scale of the carrier flow. The image shows Voronoi cells, colour coded according to their areas (small darker cells indicate
high local concentation).

* LEGI/ CNRS, University of Grenoble, BP53, 38041 Grenoble Cedex 9, France

b Dep. of Aeronautics, Imperial College London, London SW7 2AZ, United Kingdom
I M. Obligado ez al., |. Physics : Conference Series 312, 052015 (2011).
2 R. Monchaux et al., Phys. Fluids 22, 103304 (2010)
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Particles in homogeneous shear turbulence

M. A. T. van Hinsberg?, H.J.H. Clercx®and F. Toschi?

Turbulent flows occur in various industrial and natural phenomena. In many of these cases, turbulent
fluctuations are coupled to a large-scale flow. Homogeneous shear turbulence is the first step in understanding
how the mean flow influences turbulent fluctuations. The flow is homogeneous but anisotropic. To highlight the
difference between homogeneous-isotropic and homogeneous-shear turbulence, in Figure 1 we show the
dispersion of particles from a line source. It is clear that the presence of shear introduces an additional dispersion
mechanism in the system. More strikingly, a recent study! has shown that for inertial particles anisotropic
behaviour occurs even at scales where the carrier flow is already isotropic. Thus to understand particle dynamics,
the influence of both the small and the large scales of turbulence must be investigated.

Figure 1: Trajectories of tracers in a homogencous shear flow. All tracers started from the purple line and the mean flow is
shown on the right hand side.

We examine the dynamics of the system by an Eulerian-Lagrangian model. The flow is simulated by an
Eulerian approach using a pseudospectral code. We employ the classic Rogallo scheme to numerically integrate
homogeneous shear turbulence?. Here, the frame of reference moves with the mean flow. The particles are
simulated by a Lagrangian approach using the Maxey-Riley equations. For the heavy particles we use a simplified
version of the equations consisting of the Stokes drag and the gravity force. For the almost neutral buoyant
particles we use the full equations.

We started with investigating the settling velocity. For homogeneous isotropic turbulence it is well known
that the settling velocity can increase due to the presence of turbulence. We are interested in how shear will
affect this behaviour and what the consequences are for real life applications. First results show interesting new
phenomena. When the shear is directed like in Figure 1 and gravity is directed in the positive horizontal direction
a vertical drift velocity of the particles is measured in downward direction.

? Dep. of Physics, Eindhoven University of Technology, 5600MB, The Nethetlands
1 Gualtieri et al., J. Fluid Mech 629, 25 (2009)
2 Rogallo. NASA report, (1981)
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Turbulent channel flow laden with finite-size particles at high volume fractions

F. Picano*<, W.-P. Breugemb and L. Brandtc

Suspensions are found in several processes and applications, e.g. sediment transport in the environment and
pharmaceutical engineering. The laminar regime in the semi-dilute or dense regimes, non-vanishing volume
fraction, is usually characterized by peculiar rheological properties induced by the suspended phase, such as
shear-thickening and jamming. Much less is known about dissipation and mixing in the turbulent regime.

The main aim of the present work is to investigate the turbulent channel flow of a Newtonian fluid laden
with neutrally-buoyant rigid spherical particles at fixed bulk Reynolds number Re=Uy h/v=2800 with Uy the
bulk velocity, h the half channel height and V the fluid kinematic viscosity. The particle radius is selected to be 18
times smaller than the channel half-width, h. Fully-resolved Direct Numerical Simulations with particle tracking
and coupling by the Immersed Boundary Method!? are presented for values of the volume fraction up to ®=0.2;
Fig 1a) displays an instantaneous snapshot of the densest case. The mean velocity profiles in inner units
U*=U/u* vs the wall normal distance y*=y/(V/u*) are shown in the right panel of figure 1, where u* is the
friction velocity. The higher the particle concentration the higher is the overall drag as shown by the decrease of
the mean velocity profiles in inner units when increasing ®. For the lowest volume fraction here considered,
®=0.05, the particles do not significantly alter the shape of the mean profile though the overall drag is increased.
Further increasing the volume fraction ®, the mean velocity profile deeply changes. In particular, the buffer layer
disappears and the log-layer region, though still present, shows increasing slopes. The interaction between a
fluctuating shear-rate field and the particle dynamics in dense regimes?? may lead to these strong modifications.
We will show that, although the overall drag increases at the higher particle volume fractions, the turbulent
activity and the corresponding turbulent induced drag is reduced by the presence of particles.

A complete analysis of the fluid and particle statistics revealing the mutual interactions between fluid and
solid phases will be presented at the conference.

* Industrial Engineeting Dep., University of Padova, Padova, Italy
b Laboratory for Aero & Hydrodynamics, TU-Delft, Delft, The Netherlands

¢ Linné FLOW Centre and SeRC, KTH Mechanics, Stockholm, Sweden
1 Breugem, J. Comp Phys. 231, 4469 (2012).

2 Picano et al., Phys. Rev. Lert. 111, 098302 (2013)

3 Guazzelli & Mortis, Cambr. Univ. Press (2011)
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Figure 1: Left: streamwise velocity contours and rigid particle displayed on one half of the domain at volume fraction
®=0.2. (b) Mean velocity profiles vs the wall normal direction in inner units for different ®.
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Inertial Particles in Turbulent Curved Pipe Flow

A. Noorani?, G. Sardinab, L. Brandt* and P. Schlatter?

Turbulent flow in bent geometries, such as pipes, is frequently occurring in a variety of engineering but also
biological situations. The curvature leads to an imbalance of the pressure gradient and centrifugal forces which
creates a secondary flow inside a cross-stream plane. Depending on the value of the curvature K, usually defined
as the ratio of the pipe diameter and the diameter of the curve, straight, mildly and strongly bent pipes can be
distinguished. The strength of the secondary flow can be as strong as 10% of the axial velocity, and has been
denoted as Prandtl’s skew-induced secondary flow of first kind. Both numerical as well as experimental studies
of bent pipes are quite rare, in particular compared to the canonical case of a straight pipe. Recently, we have
investigated the changes occurring for the turbulence statistics at a moderate Reynolds numbers for three
curvature values.! It is interesting to understand the non-trivial behaviour of the in-plane velocity in the
statistically steady state, see Fig. 1 (left). A pair of clear Dean vortices can be observed, however squeezed
towards the side wall, together with a nearly laminar region close to the lower stagnation point.

Given the importance, but also the flow complexity of the present geometry, it is our goal to study the
behaviour of Lagrangian particles released in such a bent pipe. For that purpose, we extended our chosen
numerical method, the code Nek5000,> with a module to treat point particles subject to Stokes drag and elastic
wall collisions. We simulate turbulence in bent pipes at Re,=12000 (corresponding to Re;=3060), together with 7
populations of particles with Stokes numbers S7 (based on inner units) ranging from 0 to 100. We study both
the transient development of the particle distribution, but focus on the final statistically steady state.

As expected, the particles are heavily influenced by the secondary motion; the heaviest particles turn out to be
excellent markers for the Dean vortices. Instantaneous snapshots are shown in Fig. 1 for straight, mild and
strong curvature, with particles at S#7=50. A typical particle trajectory is now helicoidal, i.e. the particle moves
along the sidewalls down towards the lower stagnation point. Once there, the particle is ejected from the wall
region, and rises up towards the outer stagnation point passing through the pipe centre. A number of interesting
observations can be made; first, the turbophoresis, i.e. the tendency of particles to remain close to the wall, is in
competition with both centrifugal and Dean acceleration forces; this leads to a clear modification of the
accumulation patterns in the near-wall region. Further, the intense particle-wall collision at the outer stagnation
point leads to a clearly visible reflection layer. Finally, depending on the curvature, there are regions in the flow
which are essentially void of particles. This inhomogeneity is in particular important when considering mixing, or
concentrate measurements in chemical systems. The final contribution will concentrate on a complete
description of the particle dispersion in bent pipes, both from an instantaneous and statistical point of view.

Figure 1: (Left) Stream function for strongly curved pipe. Instantaneous particle locations in fully developed turbulent pipe
flow in curved pipes: (From left to right) straight pipe k=0, mild curvature ¥=0.01, strong curvature k=0.1.

* Swedish e-Science Research Centre (SeRC) and Linné FLOW Centre, KTH Mechanics, SE-100 44 Stockholm, Sweden.
b Department of Meteorology, Stockholm University, SE-106 91 Stockholm, Sweden.

! Noorani et al., Int. |. Heat Fluid Flow 41, 16-26 (2013).

2 Fischer et al., http://nek5000.mcs.anl .gov.
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Lattice Boltzmann simulations of turbulent fibre suspensions in a channel

M. Do-Quang!, G. Brethouwer?, G. Amberg? and A.V. Johansson?

Direct numerical simulations of a suspension of rigid finite-size fibres or rods in turbulent plane channel flow
at Re, =180 have been performed using the lattice Boltzmann method. The interactions between the fibres and
fluid as well as the fibre-fibre and fibre-wall interactions atre all accounted for and the simulations have been
thoroughly validated. We have considered heavy and almost neutrally bouyant fibres, like cellulose fibres in
water, with a diameter of 1.6 and lengths from 3.2 to 36 in terms of viscous wall units. The longest fibres
considered are thus of the same order as the smaller near-wall turbulent structures and the thickness of the
buffer layer.

Figure 1 shows a visualization of an instantaneous flow field with the turbulent structures and fibres. The
Lattice Boltzmann simulations showed that near the wall nearly neutrally bouyant fibres tend to accumulate in
high-speed turbulent streaks!. As a result, the fibres have a higher mean velocity than the fluid near the wall. This
accumulation is stronger for long fibres and caused by interactions between the solid channel wall and the rigid
fibres. Fibres close to the wall have on average a different orientation and motion than the ones further away
from the wall. The fibres, especially the longer ones, do affect the turbulence in the channel, but at the relatively
low fibre volume fractions considered this does not lead yet to a change in the mean flow drag. Simulations with
heavier fibres as well as with higher fibre volume fractions when the fibres reduce the flow drag are ongoing and
the results will be presented.

We conclude that the lattice Boltzmann method is a versatile method to investigate turbulent suspensions of
finite-size particles and that our results for finite-size fibres differ essentially from previous simulation results for
infinitely small elongated particles.

Figure 1: Visualization of the fibres (yellow) and turbulent vortices (red) in an instantaneous velocity field of a lattice
Boltzmann channel flow simulation.

Linné FLOW Centre, KTH Mechanics, SE-100 44 Stockholm, Sweden
1 Do-Quang et al., Phys. Rev. E. 89, 013006 (2014).
2 Marchioli et al., Phys. Fluids 22, 033301 (2010).
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Transition to turbulence in the presence of finite size particles

L. Brandt, I. Lashgari?, F. Picanob, and W.-P. Breugeme¢

We study the process of transition from the laminar to the turbulent regime in a channel flow suspended with
finite-size neutrally buoyant patrticles via numerical simulations. A fixed ratio of 1/10 between the patticle
diameter and channel height is considered. The study is conducted in the range of Reynolds numbers 500 < Re <
5000 (defined using the bulk velocity and the channel half width) and particle volume fractions 0.001 < ¢ < 0.3
(see visualization in the figure below).

The simulations reported are performed using the Immersed Boundary solver with second order spatial
accuracy developed by Breugem!. The code couples the uniform Eulerian fixed mesh for the fluid phase with a
uniform Lagrangian mesh for the solid phase. The Lagrangian mesh is used to represent the moving surface of
the particles in the fluid. Lubrication forces and soft-sphere collision models have been implemented to address
the near field interactions (below one grid cell), see also Ref. 2.

We find a non-monotonic behaviour of the critical conditions for transition when increasing the volume fraction
as in previous experiments>.

To quantify the behaviour of the flow in different regimes we examine the perturbation kinetic energy budget
once the mean quantities ate statistically converged. The volume-averaged fluctuation kinetic energy is depicted
versus Reynolds number for different volume fractions in the figure, right panel.

For low volume fractions, ¢ < 0.05, the transition threshold is evident through a sharp jump of the average
kinetic energy. Interestingly, the critical Reynolds number for the onset of turbulence is decreasing when
increasing the particle volume fraction.

For 0.05< ¢ < 0.3, the level of the fluctuations increases already at low Reynolds number and the transition

becomes smoother. For ¢=0.3, it is indeed difficult to identify a transitional Reynolds number and the
perturbation kinetic energy only slightly increases with the flow inertia. In this case the level of fluctuations does
not reach the one of the single-phase turbulent flows even at high Reynolds numbers. At the same time, we
record an increase of the wall friction and a decrease of the turbulent Reynolds stresses. This can be explained by
an additional dissipation mechanism at high volume fractions, not connected to classic turbulence. The wall
friction increases with the Reynolds number (inertial effects) while the turbulent transport is unaffected, as in a

state of intense inertial shear-thickening.
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Figure 1. Left: Instantaneous flow field from the simulation with Re=2500 and ¢=0.3. The rigid particles are displayed only
on one half of the domain. Right: Average kinetic energy in the domain versus the Reynolds number for different volume

fractions (See legend).
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Particles settling in a cellular flow field at low Stokes number

D. Lopez, L. Bergougnoux?, G. Bouchet* and E. Guazzelli*

The transport of particles in a turbulent environment is relevant to many industrial and natural processes.
Very often, the sedimentation of particles is a dominant phenomenon, which is important to understand in a
fundamental way. Examples include fluidized-bed reactors, the treatment of waste materials in clarifiers, the
transport of sediment in rivers and estuaries, pyroclastic flows from volcanic eruptions, and bioconvection of
planktons. Based on the model proposed by Gatignol! and Maxey & Riley?, multiple numerical studies have been
performed on the sedimentation of particles in vortical flows, generally modelled by Taylor-Green vortices. In
the model, particle motion is driven by different contributions whose intensity depends on various parameters, in
particular the Stokes number, scaling the particle response time with respect to the timescale of the background
flow. Yet, the competition between these different terms has never been addressed experimentally.

We present a jointed experimental and numerical study examining the influence of vortical structures on the
settling of solid particles under the action of gravity at low Stokes numbers. The two-dimensional model
experiment uses electro-convection to generate a two-dimensional array of controlled vortices, which mimics a
simplified vortical flow3. At very low Reynolds number, the generated flow is accurately modelled by Taylor-
Green vortices. As the Reynolds number increases, the vortices deform but remain stationary in the range of
interest. Using Particle Image Velocimetry and Particle Tracking, we determine the motion of settling particles
within this vortical flow.

We investigate the role of inertia on the settling rate as well as trajectories, for small spherical particles and
slender rods. In the latter, drag anisotropy yields chaotic motion even at negligible inertia. The experimental
results (see Figure 1) will then be compared to the theoretical model, testing the influence of the different forces
acting on the particle motion.

Figure 1: (a) Rigid sphere and (b) rigid fibre settling in a vortical flow.

* Aix Marseille Université, CNRS, IUSTT UMR 7343, 13013 Marseille, France
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3LL. Rossi, J. C. Vassilicos and Y. Hardalupas, “Electromagnetically controlled multi-scale flows,” J. Fluid Mech. 558, 207-242 (2000).
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Predicting Nocturnal Boundary Layer Regimes: An Observational Study

L.G.S. van Hooijdonk?, 314 Author?, F.C. Bosveldb, A.F. Moene¢, H.J.H. Clerx* and B.J.H. van
de Wiel?

Field observations and theoretical analysis are used to investigate the appearance of different nocturnal
boundary layer regimes. Recent theoretical findings predict the appearance of two different regimes: The
continuously turbulent (weakly stable) boundary layer and the 'quiet’ (vety stable) boundary layer. A large number
of nights (approx. 4500 in total) are analysed using an ensemble averaging technique. From this it appears that
indeed two fundamentally different regimes exist: Weakly stable (turbulent) nights rapidly reach a steady state
(within 2-3 hours). In contrast, very stable nights reach a steady state much later after a transition period (2-6
hours). During this period turbulence is weak and non-stationary. A new parameter is introduced that appears to
separate the regimes clearly. This parameter does not only facilitate a regime division but also opens up
opportunities for a theoretical description of the very stable regime.

* Fluid Dynamics Laboratory, Eindhoven University of Technology, Den Dolech 2, Eindhoven, Netherlands
b Royal Netherlands Meteorological Institute, De Bilt, 3730 AE, Netherlands

¢ Meteorology and Air Quality Group, Wageningen University, Wageningen, 6701 AP, Netherlands
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Global stability of internal wave

G.Lerisson!, J-M.Chomaz

Internal gravity waves are important in the ocean, they transfer energy to turbulence contributing to the deep
ocean mixing and so influencing the thermohaline circulation. Gravity waves are generated by different
mechanisms, interaction of currents or tides with topography, or coupling with waves at the thermocline. Plane
internal wave of small amplitude are known to be unstable through triadic resonance! , leading at small scale to
the so-called parametric subharmonic instability (PSI). Larger amplitude wave have also been shown to be
unstable using linear Floquet analysis?. The subharmonic instability has been observed experimentally® and its
nonlinear evolution studied numerically* showing that PSI indeed leads to turbulence. Very recently’ a novel
camshaft wave generator was used producing a finite size propagating internal wave in a still fluid and observed
the appearance of a global instability that they identify being due to the triadic instability. Amazingly Sutherland®
generates a wave of similar extend, amplitude, Reynolds and Froude numbers towing a rigid sinusoidal
topography and observed no instabilities. In the present work we set a numerical simulation that, by varying both
the mean advection velocity and the frequency imposed at the upper wall by a penalization method allows us to
compute the stability of a family of flow where the frequency in the fluid frame stay constant for all simulation.
When the mean velocity is null the simulation reproduces the tidal flow and the result of Bourget et al. are
recovered whereas when the forcing frequency is zero the simulation corresponds to the lee wave flow of a
sinusoidal mountain. We show that the global stability properties of these different flows differ strongly with the
mean advection. All the flows have the same lateral confinement of the primary beam and correspond to the
same unstable wave in the middle of the beam but the flows are globally unstable for small value of the mean
advection in the tidal régime (figl.c) but globally stable for intermediate values of the advection (figl.b) and
become again unstable for large values of the advection velocity in the lee régime (figl.a). The tidal and the lee
unstable domain of the advection velocity involve two different instability modes, involving small scales in the
tidal régime and large scales in the lee régime. We show that this two global instability modes correspond to two
different branches of the triadic resonance respectively larger and smaller wave vectors than the base flow wave
vector. We propose that this change in the global stability property with respect solely to the advection velocity is
linked to changes from absolute to convective local instability. In the lee wave unstable domain the small scale
local PSI branch is convectively unstable but the large scale triadic instability branch is absolute whereas in the
tidal domain this is the other way around. In the stable domain for intermediate advection velocities both local
instabilities are convective.
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Figure 1: Density perturbation field of 2D numerical simulation for different values of the mean velocity. In (c)
the velocity is null, in (a), it compensates the horizontal phase speed of the wave and (b) shows an intermediate
value.
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Regular and chaotic advection around the perturbed steady states of three quasi-
geostrophic vortex in a two-layer fluid.

K.V. KoshelP, M.A. Sokolovskiys, J. Verrond

We study fluid-particle motion in the velocity field induced by a quasi-stationary point vortex structure
consisting of one upper-layer vortex and two identical vortices in the bottom layer of a rotating two-layer fluid!.
The initial vortex configuration shown on figure 1. The regular regimes are investigated, and the possibility of
chaotic regimes (chaotic advection) under the effect of quite small non-stationary disturbances of stationary
configurations has been shown. Examples of different scenarios are given for the origin and development of
chaos. We analyze the role played by the stochastic layer in the processes of mixing and in the capture of fluid
particles within a vortex area. We also study the influence of stratification on these effects. It is shown that
regular and chaotic advection situations exhibit significant differences in the two layers, see figure 2.

* Pacific Oceanological Institute, Russian Academy of Sciences, Far East Branch, Vladivostok, Russia

b Far Eastern Federal University, Vladivostok, Russia
¢ Water Problems Institute, RAS, Moscow, Russia
d Laboratoire des Ecoulements G eophysiques et Industriels, CNRS, BP 52, 38041, Grenoble, CEDEX 9, France

1 Sokolovskiy et al., . Fluid Mech. 717, 232 (2013).
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Figure 1: (Left) Scheme of the initial collinear layout of vortices for the case B > R. The triangle marks the
position of the top-layer vortex and the circle and square mark the positions of the bottom-layer vortices; X, is
the position of the center of rotation given by (3.4) in work!. The size of each symbol is proportional to the
absolute value of the intensity of the vortex. The arc arrows show the cyclonic or anticyclonic directions of
vortices. (a) Velocity distribution in time. (Right) Poincar’e sections for the top (a) and bottom (b) layers. The
figures correspond to perturbed behaviour of the “triton” stationary configurations.
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Can rotational breaking of symmetry be observed at small-scales in atmospheric flows?

Enrico Deusebio? and Erik Lindborgb

We discuss the breaking of reflectional symmetry in rotating flows, with a particular focus on the implications for
geophysical flows. Atmospheric flows at very large scales are strongly affected by rotation, which breaks the
parity of the Navier-Stokes equations in the horizontal plane. However, it is not clear whether such symmetry
breaking can also be observed at smaller scales, at which the influence of rotation is of secondary importance.
We focus on helicity, defined as the scalar product of velocity and vorticity, H = u - ®, as a proxy to measure the
breaking of symmetry of the flow. Helicity is an inviscidly conserved quantity in a barotropic fluid. In flows that
are parity invariant, positive and negative helicity events occur with the same probability, thus giving an overall
zero mean helicity. On the other hand, system rotation breaks parity invariance and has therefore the potential of
giving rise to non-zero mean helicity.

We have recently carried out direct numerical simulations of the Ekman boundary layer!, that is the flow
developing close to the ground in atmospheric and oceanic flows affected by a system rotation. For such a class
of flow, we study the helicity dynamics and find that there is a preference for cyclonic helicity in the lower part
of the Ekman layer and anticyclonic helicity in the uppermost part, where H is said to be cyclonic/anticyclonic if
Q - ey H is positive/negative, with Q being the rotation vector and ey the wall normal unit vector. We derive
evolution equations for the mean field helicity and the mean turbulent helicity and show that pressure flux injects

cyclonic helicity into the mean field at a rate 20G? over the total depth of the Ekman layer, where G is the
geostrophic wind far from the wall. A substantial part of the mean field helicity is transferred to turbulent helicity
and dissipated at small scales by viscosity.

Energy and helicity spectra (Figure 1) show remarkable similarities and suggest that, beside the well-known
energy cascade, there also exist a direct turbulent helicity cascade in the atmospheric boundary layer, which
transfers helicity from the large-scale flow to the very small scales of motion. Therefore, because of the cascade,
a signature of the symmetry breaking observed at large scales propagates downscale and can be observed all the
way down to the Kolmogorov scale. We conclude by outlining a possible method to carry out measurements of
the helicity dynamics in the atmosphere to be compared with our findings.
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Figure 1. Energy and helicity spectrum. The x-axis is normalised by 2a/l,, with 1;= K**/e. The energy spectrum is normalised by
82/315/3/(275)5/ *and the helicity spectrum is normalised by 8h15/3/8”3(27'[)5/ 3. Dotted line: 10 - (kyl/2m) "

* Department of Applied Mathematics and Theoretical Physics, University of Cambridge, Cambridge

b Department of Mechanics, Royal Institute of Technology, Stockholm

1 Deusebio ez al., |. Fluid Mech. In revision (2014).
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Use of Gaussian Process Emulator for Quantifying Uncertainty in the Prediction
of Convectively-Enhanced Dissolution in CO, Geological storage due to
Heterogeneity of the Media

D. G. Crevillen2, R.Wilkinson? and H. PowerP

In Carbon Dioxide (CO2) geological storage, supercritical CO, is injected into an underground aquifer,
dissolution in brine causes an increase in the density of the CO,-brine mixture inducing a convective
flow and the formation of density fingering. The descending mixed fluid along the fingers will induce
recirculation cells of brine fluid with an associated fluid entrainment into the fingers. The entrained
brine reduces the density difference and the CO, concentration at the interface diffusive boundary
layer, resulting in enhancement of the dissolution process (Convectively-Enhanced Dissolution).

To quantify the CO, dissolution into the brine a finite element computer simulator of two-dimensional
convection in a finite-depth porous medium was developed. Unfortunately the permeability field is
usually not known in practice, and so this uncertainty about the permeability thus makes us uncertain
about the expected dissolution flux. We model the permeability as a log Gaussian random field, and
examine the Convectively-Enhanced Dissolution process by looking at the expected distribution of the
dissolution flux given our stochastic model of the unknown permeability field, in a process known as
uncertainty analysis (UA). The standard approach to UA is via Monte Carlo sampling: simulate many
random permeability fields, and for each one calculate the dissolution flux and then examine the
empirical distribution function of all the fluxes. However, for computationally expensive models, it is
not always possible to run the simulator enough times to reduce the Monte Carlo error to acceptable
levels.

In this talk, we present the use of an alternative method for UA based around the use of emulators
(sometimes known as meta models). Emulators are computationally cheap statistical surrogates for the
true model, which can be run many times in order to perform any analysis we may be interested in
doing with the simulator (such as UA), but are unable to do so because of the computational expense.
The basic idea behind Bayesian emulation methodology is that we can use a small sample of simulator
runs on a carefully chosen set of permeability fields to build a statistical model that can predict the
simulator output for any permeability field. In this talk we will show how to an emulator using
Gaussian processes applied to the Karhunen-Loeve expansion of the permeability field covariance
function. We will demonstrate that accurate UA can be carried out at considerably reduced cost
compared to the Monte Carlo analysis. We will give details of how to design the ensemble of
permeability fields used to train the emulator, and on the modelling choices we have found to work
well for the Gaussian process emulator.

* School of Mathematical Sciences, University of Nottingham, Nottingham, NG7 2RD, UK
b Faculty of Engineering, University of Nottingham, Nottingham, NG7 2RD, UK
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Stability of pancake vortices in stratified-rotating fluids

E.Yim? and P.Billant?

In geophysical fluids, vortices have a pancake shape with a small thickness relative to their horizontal extent
due to the stable density stratification. A famous example is the Mediterranean eddies (Meddies) formed by salty
water flowing from Mediterranean sea to Atlantic ocean. The two-dimensional and three-dimensional instabilities
of columnar vortices are well-known but only few results exist on the stability of such pancake vortices. Here, we
investigate the linear stability of an axisymmetric pancake vortex in the strongly stratified regime (Fn=C0/N <<1
where Qis the maximum angular velocity of the vortex and IN the Brunt-Viisild frequency) in terms of the
ambient rotation (Ro= /€, where Qj, is the background rotation rate around the vertical axis), the aspect
ratio («=Z0/R0 where Z0 and RO are the thickness and radius of the pancake vortex, respectively), and the
viscosity Re. The angular velocity of the base state is chosen as Gaussian both in radial and vertical directions
(Figure 1a). Several types of instability are found for the azimuthal wavenumbers 7=0,1,2 depending on the
aspect ratio () and the Rossby number (Ro). These instabilities can be similar to two-dimensional or three-
dimensional instabilities of columnar vortices but modified by the confinement due to the pancake shape (Figure
1b). Other types of instabilities specific to the pancake shape also appear for small aspect ratio as shown by
Nguyen et al.(2012)" and Hua et al.(2013)? in the quasi-geostrophic regime and Negretti & Billant (2013)3 in the
strongly stratified regime. The domain of existence and the physical mechanism of these instabilities will be
discussed.

* LadHyX (Hydrodynamics Laboratoty), Ecole Polytechnique, CNRS, Palaiseau, 91128, France
! Nguyen et al., Gegphys. Astrophys. Fluid Dyn. 106, 305 (2012)

2 Hua et al., J. Fluid Mech. 731, 418 (2013)

3 Negretti & Billant J. Fluid Mech. 718, 457 (2013)
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Figure 1: (a) Angular velocity of the base state for «=2, (b) radial velocity of dominant perturbation for m=1 for F,=0.05,
Ro=0.1 and Re=1000.
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Internal waves radiated by a rotating ellipsoid in a stratified rotating flow

B. Miquel!, P. Meunier, Stéphane Le Dizes

Geophysical motivations. Geosismic observations have revealed the stacking of horizontal layers of water with
different densities in the ocean, particularly above and beneath meddies!. Meddies, sometimes referred to as
“pancake-vortices”, are coherent, lens-shaped vortex structures localised around a thousand meters beneath the
surface of the sea and produced as the mediterranean water flows into the ocean. Amidst other mechanisms?,
internal waves emitted by the radiative instability? or by the visco-diffusive instability* may account for the
emergence of these vertically stacked horizontal layers. We present a simplified model and experimental setup
used to reproduce and understand the mechanism responsible for layering in the vicinity of meddies in the
ocean: we mimic the boundary conditions associated with a pancake vortex by considering the flow around a
rotating ellipsoid in a rotating and linearly stratified fluid.

Experimental observations. In a rotating tank filled with linearly stratified salted water, an ellipsoid is smoothly set
into rotation around the vertical axis. The case of the sphere is investigated as a first step of moderate
complexity: indeed, we derived a purely azimuthal solution with a simple analytical expression for the base flow.
PIV measurements of the velocity field around the sphere are in good agreement with this analytical solution.
When the Reynolds number increases, two instabilities are visualised by means of shadowgraph and synthetic
schlieren visualisation. Internal waves are radiated by the equator of the sphere: an helical mode that corresponds
to an azimuthal wavenumber m=1 grows, which is reminiscent of the radiative instability that develops around a
rotating cylinder in a stratified flow. However, at the poles of the sphere, an axisymetric m=0 mode appears.
This instability leads to the formation of thin layers of stratification as already observe for the visco-diffusive
instability>. Similar observations are made when an ellipsoid is considered. The onset of the layering and radiative
instability is quantified as the Reynolds number, the Froude number, the Rossby number and the aspect ratio of
the ellipsoid are varied.

Numerical investigation of linear stability. A linear stability analysis of the analytically predicted and experimentally
measured base flow is performed with a 2D pseudospectral code. Each azimuthal mode is decomposed on a
Chebyshev-Chebyshev basis in the meridional plane. Similarly to the experimental study, the influence of the
stratification, global rotation and aspect ratio of the ellipsoid on the characteristics of the most unstable mode are
analysed.

Aix Marseille Université, CNRS, Centrale Marseille, IRPHE UMR 7342, 13384, Marseille, France

Papenberg et al., Geophys. Res. Lett. 37 (2010)
Hua et al., J. Fluid. Mech. 131 (2013)

Riedinger et al. J. Fluid Mech. 672 (2011)
Mclntyre, Geophys. Fluid. Dyn. 1 (1970)

> Calman, Dyn. Of Atm. And Oceans 1 (1977)
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Hydrodynamic aspects of explosive volcanic eruptions

Valeriy Kedrinskiy
Lavrentyev Institute of Hydrodynamics, SB RAS
Novosibirsk, 630090, Russia

The behavior of compressed magmatic melt at explosive volcanic eruptions is analysed within the frame
work of the hydrodynamics model of high-speed multi-phase processes. The state dynamics of the melt
saturated by gas and microcrystallites is characterized phase transitions, diffusive processes and bubbly
cavitation development behind a decompression wave front which is formed in the result of volcanic
channel depressurization. The structure dynamics of such complicated multi-phase flow in which the melt
viscosity can be changed by the orders is considered on the base of the multi-phase homogeneous-
heterogeneous physic-mathematical model which includes the conservation laws for mean characteristics
(pressure, mass velocity and density). The model is supplemented by a system of kinetic equations, which
takes into account the physical processes that occur in the compressed magma during its explosive
decompression under a volcanic eruption. As it was noted in previous studies the micro-crystallites
saturating the magma can serve as cavitation nuclei in decompression waves and, as a result, appreciably
increase the saturation density predicted by the homogeneous nucleation model.

The paper presents one of the recent results concerning the ejections cyclicity problem at explosive eruption
which is characteristic one for some closed and opened volcanic systems. Numerical investigations of the
flow structure showed that an increase in the cavitation nuclei density even by one or two orders of
magnitude leads to formation of zones with anomalously high values of flow parameters, which exceed the
corresponding values outside these zones at least by an order of magnitude. As follows from the calculations
the saturation zone with anomalous parameters is located in the vicinity of the free surface of the cavitating
magma column. Its formation is explained by diffusion flows redistribution and by the change of values
distribution of main flow characteristics (such, for example, as mass velocity and volumetric gas
concentration) in the abnormal zone from a gradual increase of their values to the gradients jump of
mentioned characteristics. In the result of the analysis the cyclic ejections mechanism model was developed.
According to this model, the formation of the anomalous zone with an jump of mass velocity in the flow is
finalized by instantaneous formation of a discontinuity directly in front of the velocity jump with a
simultaneous “explosive” transformation of the anomalous zone to a gas-droplet system (with a subsequent
ejection) and formation of a free surface on the discontinuity boundary. The calculations of the dynamics of
the magma column state remaining in the channel showed that the typical structure of the flow and its
anomalous zones with jumps of the main characteristics of flow is again recovered in the vicinity of the new
free surface. We have the base to conclude that the cyclic mechanism is determined, controlled, and triggered
by the mere evolution of the cavitation process under specific features of the magmatic melt and the cyclic
ejections regime under explosive volcanic eruption can be considered as self-sustained one.

1. Gonnermann H. M. and Manga M.: The fluid mechanics inside a volcano, Annu. Rev. Fluid Mech. 39, 321-356, (2007)
2. Kedrinskiy V. K., Davydov M. N., Chernov A. A., and Takayama K.: The Initial Stage of Explosive Volcanic Eruption: the
Dynamics of the Magma State in Decompression Waves, Doklady Physics, 407, (3), 190-193,(20006).
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Modelling immersed granular avalanches
E. Izardab, I.. Lacazeab and T. Bonometti®P

Immersed granular flows have been extensively studied for the past decades because of their implications in
industrial processes (chemicals engineering, aeronautics, oil transport) and in natural situations (sediment
transport, landslides, avalanches). Experimental measurements, modelling and predictions of such flow remain
challenging since a wide range of scales is involved, namely from a fraction of a grain diameter at which
lubrication and solid contact occurs up to that of the system.

In order to simulate these types of flow at the scale of O(70°) grains, we develop an immersed boundary
method (IBM) which reproduce the motion of an assembly of spherical particles in an incompressible
Newtonian fluid, coupled with a discrete element method (DEM) which takes into account the solid contacts
between the grains in the system. Using an additional lubrication force when a pair of particles is close to
contact, the present method has been shown to reproduce reasonably well experiments in the case of binary

COl’th.CtS1 .

In the present work, the IBM/DEM code? is first used to simulate the tridimensional collapse of a granular
column of O(10%) grains immersed in a viscous fluid, for various initial aspect ratios and compacities. In
particular, the method is shown to qualitatively reproduce the dependence observed in experiments® of the final
shape of the column with respect to the initial compacity, due to a pore-pressure feedback mechanism.

In a second time, the free-fall, viscous and inertial granular regimes* are investigated by computing the
motion of various immersed granular avalanches flowing down a rough inclined plane (figure 1) from the
initiation of motion up to steady state. The characteristics of the local flow is described and analysed in the
various regimes. Spatial averaging and coarse-graining are then performed, and the results are compared with
larger-scale continuous two-phases approaches® using the £(I) rheological law.

* Université de Toulouse; INPT, UPS; IMFT (Institut de Mécanique des Fluides de Toulouse); Allée Camille Soula, F-31400
Toulouse, France

b CNRS; IMFT; F-31400 Toulouse, France

1 1zard et al., J. Fluid Mech. submitted.

21zard et al., J. Comp. Multiphase Flows, submitted.

3 Rondon et al., Phys. Fluids 23, 073301 (2011).

4 Courrech du Pont et al., Phys. Fluids 90, 044301 (2003).

5 Jackson, The dynamics of fluidized particles, Cambridge University Press (2000).
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Figure 1: Granular avalanche in a viscous fluid on a rough inclined plane (@=25°) at time t(g/D)"/? =4360 (860 grains of
mean diameter D, density ratio p, /p of 4, Archimedes number Ar=p(p,—p)eD’/1’=9, Reynolds number Re=p#n,D/u =4, and
Stokes number St= (p,+0,5p)u,D/ (9u) =2 where u is the dynamic viscosity and #,is the maximum velocity of grains). The
stationary state is reached. Periodic boundary conditions are imposed in the x- and - direction and no-slip (resp. slip)
boundary condition is imposed at the bottom (resp. at the top). The longitudinal fluid velocity in the x-direction (UP) is
plotted in colour on a x- and z-plane and iso-contours of UP from 0 m/s to 0.6 m/s with steps of 0.05 m/s.
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Characterization of shear-induced granular motion on regular substrates

under laminar conditions

A. Wierschem?, J. R. Agudob

We experimentally study the critical conditions for incipient motion of spherical particles deposited on a
regular substrate under laminar flow conditions. The substrates are triangular and quadratic arrangements of
identical glass spheres of same size. For the latter, the distance between the substrate spheres is varied, resulting
in different partial shielding of the deposited particle to the shear flow. For a single particle the critical Shields
number is independent from particle density at particle Reynolds numbers of one and smaller but it depends
significantly on the geometry of the substrate. Neighboring particles in stream-wise direction affect the onset of
motion only if they are closer than about 3 particle diameters. Unlike for a single bead, pairs of identical beads
may continuously move on different substrates at about the same critical Shields number. This is due to particle
contact and different mechanism of motion, i.e. rolling or sliding, taking place in each of the configurations.
Avoiding particle contact by a sudden jump in the Shields number, the critical Shields number for continuous
particle motion can be reduced considerably.

Besides incipient motion we also study the particle motion along the substrate at supercritical Shields
numbers and show how the substrate geometry also affects the mean velocity of the particle. The velocity
appears to be a linear function of the supercritical Shields number for the substrates studied. The slope of the
curve strongly depends again on the substrate geometry. Taking data for different viscosities, particle densities
and substrate geometries and based on ideas of Bagnold and Charru ez 4/, we obtained a master curve between
the particle velocity normalized by the Stokes settling velocity and the super critical Shields number.

* Institute of Fluid Mechanics, University Erlangen-Nuremberg, Cauerstr. 4, D-91058 Erlangen, Germany

b Institute of Fluid Mechanics, University Erlangen-Nuremberg, Cauerstr. 4, D-91058 Erlangen, Germany,
FAU Campus Busan, 1276 Jisa-Dong, Gangseo-Gu, Busan 618-230, Republic of Korea
1 Charru et al., J. Fluid Mech. 570, 431 (2007)
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On the convective/absolute nature of dunes and antidunes

R. Vesipa?, J.-M. Chomazb

River dunes and antidunes are induced by the interfacial instability of a turbulent free surface stream and a
granular sediment boundary. In the present work, riverbed dynamics will be modelled following Colombini'.

The assessment of the absolute/convective nature of morphodynamic instabilities (i.e., waves with null group
velocity tends to infinity/decays asymptotically to zero) has proven to be fundamental for the interpretation of
flume experiments, numerical simulations and real behaviour of rivers2. For dunes and antidunes such analyses
haven’t been performed yet, mainly because the analysis of such bedforms requires a refined modelling of the
flow field along the non-homogeneous vertical direction. This prevents the dispersion relation that describes the
linear stability of the stream-sediment boundary system to be obtained analytically. The complex frequency w is
then an implicit function of the complex wave number £, and the nature of the instability is here determined
using the less standard cusp map method?. We recall that the amplitude of elementary waves evolve as exp[i(w:-
iw;)t+i(k-ik)x]. Waves with null group velocity are then identified recalling that a point wy that satisfies the
saddle point condition, in the w-plane has a local map (w-wo)=(£-£p)? i.c., when a curve lying in the complex £-
plane and passing trough £ is mapped into the w-plane, it displays a cusp-like singular point at the branch point
wo. In order to find wy, contours £=4;" are mapped in the w-plane, for & decreasing from zero. The mapping of
ki=Fk;" generates in the w-plane plane the curve (&), (red lines in Fig. 1 4,b), and a branch point is obtained
when Q(4;") displays (at wo) a cusp-like singularity (blue lines in Fig. 1 4,4). This occurs when £=Im(&p)= 4. The
check for the pinch point condition is then performed by considering the position of wo with respect to wg=£2(0)
(black lines in Fig. 1 4,4). Branch points wo covered an odd number of times by wr are pinch points. Moreover, if
Im(wo)>0 in at least one pinch point, the instability is absolute.

In Fig. 1¢ we report a synthesis of the results. We have assessed the nature of the instability for the two most
important nondimensional parameters, the relative grain diameter, d=d"/ Dy (Dy is the mean flow depth and "
the dimensional grain diameter) and the Froude number F #he ratio of the friction velocity time the friction coefficient by the
shallow water gravity wave speed. Five zones emerge: (i) no sediment transport (gray zone); (ii) stable flat bed ( black
zone); (i) convective dunes; (iv) convective antidunes; (v) absolute antidunes. Dune patterns are invariably
convectively unstable, whereas antidunes can be either absolutely or convectively unstable, slightly depending on
d;,, but mainly on F. The results of this analysis have been validated through the interpretation of flume
experiments and numerical simulation available in the literature*>.

These findings are important for the interpretation of flume and numerical experiments as well as field data.
In the parameter domain of convective instability the sediment bed behaves like a noise amplifier, and bed forms
are the result of the spatial development (eventually non linear) of instabilities forced by the upstream
perturbation. In the parameter domain of absolute instability, the dynamics is self sustained, i.e. the intrinsic
result of the saturation of an absolute instability that prevails over the noise.

2 Dept. of Environmental, Land and Infrastructure Eng., Politecnico di Torino, C.so Duca degli Abruzzi 24, 10129 Torino (TO), Italy
b Laboratoire d'Hydrodynamique, Ecole Polytechnique, 91128, Palaiseau, France

1 Colombini, J. Fluid Mech. 502, 1 (2004).

2 Federici et al., |. Fluid Mech. 487, 125 (2003).

3 Kupfer et al., Phys. Fluids 30(10), 3075 (1987).

4 Venditti et al., J. Gegphys. Res. 110, F01009 (2005).

5 Giti et al., Water Resour. Res. 42, W10422 (20006).
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Figure 1: (a,6) Cusp map method. (¢) Different types of instabilities as a function of 4; and F.
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Probing the axisymmetric collapse of granular columns with the use of X-ray
tomography

[. M. Warnett?, P. J. Thomasb, P. Denissenkob, D. Norman? and M. A. Williams?

X-ray computed tomography (XCT) is a non-destructive imaging technique used to investigate the internal
characteristics of a given sample which would otherwise be unobtainable. In the presented study XCT is used to
evaluate the granular packing within a column of sand pre and post collapse leading to some suprising results,
and is one of the first investigations using this methodology in an evolving granular flow system. The potential
benefit to the field is evident, enabling experimental observations that were previously not possible.

The collapse of granular column has been studied by numerous authors over the last decade'-23. The setup
consists of a cylindrical column of radius 7 filled with granular material to a height 4y, giving the non-
dimensional parameter of aspect ratio @ = 4y / . The cylinder is then quickly removed vertically resulting in the
formation of a pile through an avalanching mechanism akin to a dam break situation.

XCT allows a non-destructive method to virtually split the resultant pile as in Figure 1 (a), and further enables
the analysis of any segregated region — applied in this case to evaluate the granular packing. By subdividing the
volume occupied by the column/pile into annular regions a packing density map was extracted as in Figure 1 (b).

By comparing the packing pre and post collapse the hypothesis that the material within the failure envelope
does not contribute to the collapse is tested, as assumed by previous authors?. For a < 1.7 a marked inctrease in
packing density in this region is found, demonstrating that the disturbance propagates compaction throughout
the pile. For a > 1.7 the result is more complex, showing evidence of a denser central region surrounded by less
compact volume in comparison to its original state. The distinction in comparative states ties with different
surface flow regimes and a resultant change in power law scaling for the final runout. Further intracacies within
the density mapping are presented, with links to divergent results found in some hydrodynamic approximations
of the collapse.

* Warwick Manufacturing Group, University of Warwick, Coventry, CV4 7AL, UK

® School of Engineering, University of Warwick, Coventry, CV4 7AL, UK
1 Lube et al., J. Fluid Mech, 508, 175 (2004)

2 Lajeunesse et al., Phys. Fluids, 16, 2371 (2004)

3 Warnett et al., Granular Matter, 16, 115 (2014)
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Figure 1: A column of aspect ratio « = 1.70 scanned using XCT post collapse. (a) 2D slice through centre of pile obtained
from image reconstruction. (b) Calculated packing density map.
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Drag and Lift forces when moving in a granular medium

F. Guillard* b, Y. ForterreP and O. Pouliquen®

The forces experienced by a cylinder moving in a granular medium ate experimentally and numerically
investigated. This problem, which is of practical importance in many applications (stirring, mining, problems of
impact, locomotion in sand!, design of robots...), is also of fundamental interest to probe the rheology of
particulate materials. Our experiment consists in a horizontal cylinder rotating around the vertical axis in a
container full of glass beads. Both the drag force and the lift force experienced by the cylinder are measured.
During the first half rotation, before the cylinder crosses its own wake, we measure a strong lift force, although
the object is symmetric. Whereas the drag force increases linearly with depth, the lift force is shown to saturate at
large depths and to scale like the buoyancy with a large amplification factor of order 20. The origin of this
strikingly high lift force is discussed based on the stress distribution measured in discrete numerical simulations.
The lift force comes from the gravitational pressure gradient, which breaks the up/down symmetry and strongly
modifies the flow around the obstacle compared to the case without pressure gradient. The lift is thus
intrinsically related to the frictional nature of the granular rheology. After several rotations, when the cylinder
goes through its own wake, the drag force suddenly drops and becomes independent of depth. This striking
observation suggests that the rotation of the cylinder induces a structure in the granular packing, which screens
the weight of the grains above it2

IL EXPERIMENTS

A.  Experimental setup

The experimental setup is sketched in Fig. 1. It is composed of a tank 30 cm in diameter
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Figure 1: experimental setup

* Particles and Grains Laboratory, School of Civil Engineering, The University of Sydney, Sydney, NSW 2006, Australia

b CNRS-Aix Marseille university, IUSTI, 5 rue Enrico Fermi, 13013 Marseille
1 Ding et al., Phys. Rev. Lett. 106, 028001 (2011).
2 Guillard et al., Phys. Rev. Lert. 110, 138303 (2013)
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Modelling of material flow in sand mould manufacturing based on Bingham plasticity -
analytical and numerical approaches

E. Hovad*b, 2nd J. Thorborg® ¢, 314 P. Larsenb and 4t ]. Hattel?

This work presents preliminary work on modelling the production process of sand moulds for steel casting in the
DISAMATIC process. To ensure high quality of the metal casting a sufficient density and strength of the mould
is required. The sand mould is constructed in the following way, see fig. 1;
a) The “sand shot” is denoting when the sand is shot into the moulding chamber with high pressure (Psand)
from the top of the silo into the chamber (cham).
b) The sand is built up in the chamber (cham), first in a conical shape in the bottom followed by
¢) Filling up the corners and lastly the top of the mould with sand.
d) The mould is squeezed until a sufficient compaction of the sand is attained to ensure a dense and high
quality mould. Finally the sand mould is ready for casting.

Figure 1: (a) The sand shot. (b) Conically shaped, “sand castle”. (c) Filling of the corners and the top of the mould. (d)
Squeezing of the sand mould.

Simulating the formation of the conically shaped “sandcastle” and the flow of the sand towards the sides is
accomplished by describing the sand as a homogeneous Bingham fluid'.

The fluidity is a very important characteristic of the sand and in the Bingham model it is in general expressed by
its yield stress and plastic viscosity. A well-known test measure for the former in Self Compacting Concrete
(SCC) is the LCPC-BOX test?, fig. 2(a-b) in which the spread length L and height hy are measured and correlated
to the yield stress. A similar flow ability test has been applied for characterising moulding sand at the company
Georg Fischer and that test bears many similarities to the LCPC-box test?.

T __ Volume Fraction of Fiuld
S 000000 0.20000 040000 000000 080000 10000

Figure 2: (a) LCPC BOX test®. (b) Length L and height hgin the LCPC BOX test?. (c) Numetical simulation of the LCPC
with additional horizontal pressure (Pshot) with STAR-CMM+.

In the presented work an analytical solution is presented for LCPC-box test with an additive overpressure
(Psand). Moreover, the commercial CFD program STAR-CCM+ is used numerically to compare with the
analytical solution and an example of this can be seen in figure 2(c).

! Dep. Mechanical Engineering, DTU, Produtionstorvet., 2800 kgs. Lyngby, Denmark
b DISA Industries A/S, Hojager 8, Hoje Taastt., 2630 Taastrup, Denmark

¢ MAGMA, Kackertstr. 11, 52072 Aachen, Germany

1J. Bast, ARCHIVES OF METALLURGY AND MATERIALS. 58, Issue 3 (2013)

2Roussel, Materials and Structures 40, 889—896 (2007)
3 FlieBbarkeitsmessung, Georg Fischer Katalog fur Formstoffprufgerate des Unternehmens Georg Fischer AG Schweiz.
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Blowing in the wind: granular heaps

W. van de Water?, and D. Snouck?

Wind-blown travelling granular heaps, such as Barchan dunes, are a striking manifestation of the interaction
between sand and wind. The turbulent wind shapes the dune, which, in turn, modifies the shear stress. As sand
grains are not picked up readily by the wind, wind erosion is an activation process: grains travelling with the wind
collide with the dune surface, and release grains upon impact. Some of these grains are again accelerated by the
wind, and are able to release new grains again, but most crawl over the surface.

We measure the fluxes of flying and crawling grains on tiny dunes that sit in the turbulent boundary layer
above the sand bed. We vertically oscillate the sand bed, and thus modulate effective gravity. This greatly
facilitates the activation of sand by wind and dramatically reduces length scales. We image the grains flying above
the heap and those crawling over its surface using a high-speed camera, and measure the granular fluxes using
streak velocimetry and a variant of particle image velocimetry. The Figure shows a side view of a heap that is
eroded by the wind, with the grain number flux in shades of gray.

Using this new experimental technique, we can make up the flux balance and relate it to the erosion rate,
identifying the grains that carry the erosion and those that trigger it. In addition, it is possible to observe
granular splashes and rebounds on a laboratory scale; single-grain processes that shape a wind-blown heap.

* Dept. of Applied physics, Eindhoven University of Technology, Eindhoven, The Nethetlands
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Figure: Side view of the windward side of a dune, with the (turbulent) wind coming from the left. (a) Vertical displacement
of the sand bed during one oscillation period; a reduction of effective gravity occurs in episodes 1 and 2, an enhancement in
episodes 3, 4. (b) Averaged grain number flux during the 4 episodes indicated in (a). (c) Vertically integrated grain number
flux parallel to the dune crest. Dune erosion is proportional to the flux gradient, it is largest during episode 2 of the table
oscillation.
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Computational Techniques
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Physical Modes for Reduced Order Flow Models

M. Morzvnski? | B. R. Noackb, K. Kotecki?, W. Stankiewicz2 and M. Nowak?

Stability properties of fluid flow are of large interest in many areas of fluid mechanicst3. With the knowledge
of linear stability, we gain information about flow evolution and transition.

Assessment of stability properties of the fluid generally involves one of two approaches. Unsteady flow, in
sense of experimental measurements or results of CFD simulation, can be processed with signal processing tools
like DMD! . An alternative method, addressed in this paper, is investigating the governing equations for stability
properties. It should be noted that most computational solutions of eigenproblems in CFD rely on investigation
of the system in response to some form of perturbation.

We present here the computation of modal response of the flow to random or localised perturbation. In
contrary to common DNS receptivity studies, we are interested not only in dominating mode response. With the
knowledge of stability properties in wider frequency and growth rate range we gain general information about
actuator placement and flow modes which can be excited and used for control.

The method is demonstrated on the linearised incompressible Navier-Stokes equations. We discretise the
problem with a second-order FEM for 2D and 3D. We introduce the actuation within the computational domain
or on boundaries of the flow obtaining the clear response of the flow in the whole domain. In Fig. 1 we present
the example pair of modes for the wall mounted cylinder. The dominating von Karman mode has been
suppressed in this case. The presented method of modal basis design will be used for Reduced Order Modelling
of the flow.

Acknowledgements. This work was supported by the Polish National Science Center (NCN) under the Grant
No.: DEC-2011/01/B/ST8/07264 and by the French ANR Chair of Excellence TUCOROM.

Institute of Combustion Engines and Transport, Poznan University of Technology, 60-965 Poznan, Poland

Institut PPRIME, CNRS Universite de Poitiers ENSMA, UPR 3346, Departement Fluides, Thermique, Combustion, CEAT,
43, rue de 1'Aerodrome, F-86036, Poitiers Cedex, France

! Theofilis, Ann. Rev. of Fluid Mechanics, 43 (1), 319-352, (2011)
2 Schmid J. Fluid Mechanics 656, (1), 5-28, (2010)
3 Noack, Morzynski & Tadmor, Reduced-Order Modelling for Flow Control, 528, Springer, 2011.

Figure 1: Real (left) and imaginary (right) part of mode, wall-mounted circular cylinder flow at Re = 200, transversal
iso-velocity surfaces.
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Numerical prediction of pipe flows with uncertain parameters

S. Schmelter?, A. Fiebach?, R. Model?, and M. Bar?

In many metrological flow applications, pipe flows are of special interest since they are a crucial element of
many flow meters. In this context, the precise determination of the flow properties is of great importance in
metrology. In some applications not only integral quantities, like the flow rate or pressure loss, are of interest,
but also the entire flow field, described by velocity profiles at certain cross sections through the pipe. Some
influencing parameters, e.g., the wall roughness or deformations of the inflow profiles caused by a bend or a
diaphragm, cannot be accurately determined. The influence of such uncertain parameters on the flow field is the
purpose of this investigation.

To quantify the uncertainty in the flow field, a generalized Polynomial Chaos method in conjunction with a
commercial deterministic CFD code is used. The so-called “non-intrusive” spectral projection approach is based
on the spectral representation of the uncertainty where the flow simulator can be used as a black box. In
connection with modern sampling methods the expense is considerably smaller than for a conventional Monte
Carlo analysis for cases with only a few simultaneous random parameters. It can be stated that for
computationally expensive models, that are common in fluid dynamics, the use of Monte Carlo methods is
impractical.

In this contribution, the influence of different parameters, like the uncertain inflow as well as the wall
roughness, on the outflow profile is investigated. As an example, Fig. 1 shows the variation of velocity profiles in
different cross-sections in the pipe caused by the prescription of uncertain inflow profiles. Besides the
deformation of the profiles also characterizing quantities like the asymmetry, the turbulence, and the profile
factor, respectively, are considered. In addition, the simulations are validated against Laser Doppler Velocimetry
measurements of flow profiles in specified cross-sections of a pipe.

! Dep. Mathematical Modeling and Data Analysis, Physikalisch-Technische Bundesanstalt (PTB), Berlin, Germany
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Figure 1: Mean * standard deviation of velocity profiles at different cross-sections downstream in the pipe resulting from
uncertain inflow profiles. Left: x = 0.5 m, middle: x = 0.7 m, right: x = 1 m.
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Fluctuating force-coupling method for simulating Brownian suspensions

Eric E Keaveny?

Brownian motion plays an important role in the dynamics of colloidal suspensions. It affects suspension
rheological properties, influences the self-assembly of structures, and regulates particle transport. While
including Brownian motion in simulations is necessary to reproduce and study these effects, it is computationally
intensive due to the configuration dependent statistics of the particles' random motion. In addition, particle
motion occurring at unresolved inertial timescales yields a drift term proportional to the divergence of the
hydrodynamic mobility matrix. Even to achieve the correct particle distribution under equilibrium conditions
requires the proper treatment of this drift term, further complicating an already arduous calculation.

I will discuss recent work that speeds up this calculation for the force-coupling method (FCM), a regularized
multipole approach for simulating suspensions at large-scale. 1 will show that by forcing the surrounding fluid
with a configuration independent, white-noise stress, fluctuating FCM yields the correct, configuration
dependent particle motion, even when higher-order terms, such as the stresslets, are included in the multipole
expansion. Additionally, I will discuss time-integration schemes that automatically account for the drift term,
rendering its direct computation unnecessary. I will present the results from several simulations demonstrating
the effectiveness of this approach and also discuss the extension of fluctuating FCM to dense suspensions.

* Department of Mathematics, Imperial College London, South Kensington Campus, LONDON, SW7 2AZ, UK
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Enrichment of Reduced Order Models using Physical Modes

W. Stankiewicz?, M. Morzynski?, K. Kotecki?, and R. Roszak?

Substantial progress in the methods of computational fluid dynamics and the rapid development of computer
hardware in the past decades have increased the role of computer simulations at the expense of wind tunnel
experiments.

On the other hand, as shown by C. Rossow!, the flow analysis of the new aircraft design leads to hundreds of
thousands of different cases, varying in aircraft configuration, mass distribution, flow conditions (e.g., gusts,
angle of attack) and so on. Such a number of variants is very challenging even with the use of simplified flow
models (like URANS) and large computer cluster.

The solution of this problem might be the design of accurate Reduced Order Models of the flow.
Unfortunately, the Galerkin models based on empirical modes like POD? or DMD34, resulting from modal
decomposition of the flow at limit cycle oscillations precisely reproduce the dynamics only in the close vicinity of
that operating condition. Due to the truncation of mode basis>®, even small change in the value of Reynolds
number, angle of attack, level of actuation, etc. leads to the deterioration of the model and wrong prediction of
the phase of the flow. In the case of feedback flow control, such issue may lead to the reverse of the effect of
control.

To broaden the scope of the model and to increase its accuracy, enrichment of the modal basis with the use
of physical modes is required.

The article discusses the methods of obtaining the physical modes matching global stability eigenmodes.
Model order reduction techniques, based on the Galerkin expansion and projection, are presented on the
example of three-dimensional, low Reynolds number incompressible flows past the bluff-bodies.

* Institute of Combustion Engines and Transport, Poznan University of Technology, 60-965 Poznan, Poland
1 Rossow and Kroll, 462h ALAA Aerospace Sciences Meeting and Exhibit, Reno, USA (2008)

2 Lumley and Poje, Phys. Fluids 9, 2023 (1997)

3 Schmid and Sesterhenn, J. Fluid Mech. 665, 5 (2010)

4 Frederich and Luchtenburg, 72 International Symposium on Turbulence and Shear Flow Phenomena (2011)

5> Noack et al., . Fluid Mech. 497, 335 (2003)

¢ Rowley et al., J. Fluid Mech. 641, 115 (2009)

Figure 1: Iso-surfaces of lambda2 criterion for real (left) and imaginary (right) parts of the physical mode for a
flow past a sphere.
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Criteria for particle Lagrangian stochastic models

[.-P. Minier?, S. ChibbaroP

In this paper, we discuss the various forms under which Lagrangian stochastic models, used for the
simulation of the fluid seen by discrete particles in a turbulent flow, can be found. These models are typically
applied in numerical studies of environmental and industrial applications, but should be handled with care to
avoid inconsistencies and potentially-inconsistent results. The present analysis does not address the question of
the relative predictive capacities of different models but concentrates on their formulations since advantages and
disadvantages of these formulations are not always clear. Indeed, hidden in the changes from one structure to
another are some possible pitfalls leading to flaws in the construction of practical models and in physically-
unsound numerical calculations.

In the frame of the present discussion, a first purpose is to clarify issues related to the formulation of Lagrangian
stochastic models and to propose guidelines, as well as safeguards, useful for experts and non-experts alike. A
second purpose is to recall that a single and consistent theoretical framework exists for Lagrangian stochastic
models, also called PDF (Probablity Density Function) > models and that, by choosing a relevant formulation,
modelling efforts, which are still needed to improve present Langevin models, can be safely channelled and
devoted to building new ideas. Apart from putting forward the importance and the physical interpretation of the
different terms which appear as one goes from one formulation to another, a central issue is to come up with
reliable requirements which must be met by Lagrangian stochastic models. For that purpose, the choice made
here is to consider the fluid-limit, or particle-tracer limit, and to check whether models are fully consistent with
Reynolds-stress type of models. This criterion allows assessing modelling proposals while ensuring that they are
built on safe grounds, corresponding to state-of-the-art turbulence modelling. It will be recalled that one
formulation, in terms of the instantaneous velocity, stands out as both the easiest and the safest road to follow to
develop well-based Lagrangian stochastic models. Then, going to the actual two-phase flow world, the analysis is
extended to include an in-depth discussion of available criteria that should be met by stochastic models
developed to simulate the velocity of the fluid seen. Simple and practical considerations reveal significant errors
that can be made but that can be avoided in a straightforward manner.

The present contribution addresses concerns of both non-experts and experts in the field of so-called dispersion
models. In this way, we will be able also to review critically the old issue of the well-mixed condition or the so-
called drift velocity in the two-phase flow case.

* EDF R&D, Mécanique des Fluides, Energie et Environnement, 6 quai Watier, 78400 Chatou, France

b Sorbonne Universités, UPMC Univ Paris 06, CNRS, UMR7190, Institut Jean Le Rond d'Alembert, F-75005 Paris, (France)
1 Pope, J. Fluid Mech. 582, 54 (2009).
2 Minier and Peirano Phys. reports 18, 034210 (2001)
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A finite element solution of a generalized Newtonian Hele-Shaw flow with a level set
method for free surface tracking

P. Guerrier* and J. H. Hattel*

The aim of this work is to solve a Hele-Shaw flow, which is a flow between two closely placed parallel plates.
The main motivation for solving this type of flow, is to use it to analyze the filling of an injection molding
process, as typical injection molded parts consist of thin-walled parts, and this process is typically considered as a
viscous flow since the Reynolds number typically is in the order of 10-°. An additional implication is that the
polymers injected are sensible to the shear rate, and therefore the flow cannot be considered Newtonian, and a
generalized Newtonian material model has to be implemented.

The main assumption for the Hele-Shaw approximation is that the gap between two parallel plates has to be
sufficiently small'. Analyzing the incompressible continuity equation with this assumption, will show that the z-
velocity component will be small compared to the x- and y-components, and can therefore be ignored. Analyzing
the momentum equations in a similar manner, ignoring the inertia term and using the continuity equation, they
can be cast into a more simple form. The reduced momentum equations can then be integrated across the gap in
order to compute the gap-wise average x- and y- velocity components. A characteristic of the Hele-Shaw flow is
that although the velocities change in magnitude through the gap, they do not change in direction. Using the gap-
wise average velocity and the continuity equation, a pressure equation can be formulated and solved, see figure 1
for a solution example. This is a clever way of reducing the full 3D problem to a 2.5D problem. The pressure
equation depends on what is called the fluidity, S, which depends on the shear rate (which is a function of the
pressure gradient) because the material is generalized Newtonian. Hence, an iteration process is needed. A Cross
model has been used to describe the viscosity dependence of the shear rate.

A free surface tracker has to be used to track the flow front of the polymer, as it fills the mold cavity. A level
set method? has been employed for this. This is a transport equation which is solved for a signed distance
function. At the zero contour of the distance function is the location of the front. In each time step a
reinitialization process is executed to ensure that the function remains a signed distance function.

The implementation has been tested against commercial software to verify the code. Furthermore have a real
industrial application, consisting of a plate with two different thicknesses, been simulated with the code.

: Dep. Mechanical Engineering (MEK), Technical University of Denmark (DTU), DTU Building 425,Produktionstorvet, 2800 Kgs.
Lyngby, Denmark

1 Osswald and Hernandez-Ortiz, Polymer Processing, Carl Hanser (2000).

2 Sussman et al., /. of Comp. Phys. 114, 146 (1994)
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Figure 1: Pressure distribution at the end of filling of a thin plate with a hole. Solved by a Poisson type equation in the
Hele-Shaw formulation.
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A probabilistic cellular automaton for bypass transition in boundary layers

T. Kreilos?h, T. Khapko¢, P. Schlatterc, Y. Duguetd, D. S. Henningsonc and B. Eckhardt

We present a probabilistic cellular automaton model to describe the spatio-temporal aspects of bypass
transition in boundary layers. With this we extend recent results on parallel shear flows to spatially developing
external flows.

The spatial behaviour of shear flows close to transition has successfully been related to probabilistic cellular
automata and directed percolation':?3. The most notable results stem from pipe flow, where at low Reynolds
number turbulence exists in the form of localized puffs, which may decay or split with probabilities depending
on Re. We extend the concept to turbulence transition in a flat-plate boundary layer subject to free-stream
turbulence. If the amplitude of the free-stream disturbances exceeds a threshold, the traditional route via
Tollmien-Schlichting waves can be bypassed and transition happens without exponential amplification of linear
instabilities. In this context, turbulent spots are created, which spread while travelling downstream. The
intermittency factor, measuring the fraction of turbulent sites, grows from zero at the inflow to one for full
turbulence in an S-shaped.

We develop a probabilistic cellular automaton (PCA) describing the evolution of turbulent spots in the
boundary layer flow. The model parameters are obtained directly from statistical analysis of data from large LES
at various turbulence intensities with a setup similar to ref. 4, see figure 1. The PCA reproduces the statistics of
the LES data extremely well (figure 2), showing that the spatial evolution of turbulent spots in a transitional
boundary layer is described by our model.
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Figure 1: Visualization of turbulent spots in the LES data. Figure 2: Comparison of statistics between the LES data (black) and
(a) The untreated LES data. The colors indicate the level of the probabilistic cellular automaton (blue). (a) Intermittency factor.
turbulence by measuring the spanwisel shear stress at the wall. (b) Number of spots at every downstream position. (c) Width of
Dark blue indicates low intensities, the bright regions higher independent spots in units of the domain width as a function of
intensities. (b) Digitized LES data where only laminar (white) and downstream position. The shaded areas indicate one standard
turbulent (black) regions are distinguished. These data are then deviation and show that not only the mean of the gantities agrees
used to extract the parameters for the cellular automaton model. very well but also the second moment of the distribution.
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Numerical simulation of non-Newtonian free surface flows in
moulding process using the lattice Boltzmann method

O. Bublik, J. Vimmr? and A. Jonasova?

This work is focused on numerical simulation of non-Newtonian free surface fluid flows using the lattice
Boltzmann method, which gained popularity during the last decade2. The method is based on the Boltzman
equation describing the fluid on mesoscopic level unlike the classical methods that utilise the system of
incompressible Navier-Stokes equations describing the fluid on macroscopic level. The main advantage of the
lattice Boltzmann method compared to classical methods is that the solution of the Poisson equation, required to
meet the condition in the form of the continuity equation, is avoided. Because of this, the lattice Boltzmann
method is simpler and less computationally demanding than the finite element and finite volume methods.

The lattice Boltzmann method originates from the lattice gas cellular automata (LGCA) representing a
simplified molecular dynamics. However, unlike the LGCA, the lattice Boltzmann method operates with virtual
particles. This approach makes it possible to solve various complex flow problems such as free surface flow and
multiphase flow within a reasonable time frame.

To capture the free surface of the fluid in this study, we adopt the algorithm based on the volume of fluid
(VOF) method established by Thiirey’. The advantage of this algorithm is that the mass flow between grid points
is calculated directly using the distribution functions, avoiding so the need to introduce a new equation for the
movement of the liquid-gas interface as is the case of the classical VOF. For the simulation of non-Newtonian
effects, the power-law viscosity model®7 is introduced as well. The rate of deformation tensor is computed in a
simple way using the finite difference method. To increase the stability of the whole calculation, the multiple
relaxation times (MRT) model* of collision operator is used instead of the common single relaxation time (SRT)
model.

The developed algorithm is applied to the simulation of moulding process with a non-Newtonian fluid
(polyurethane). The results of a simple 2D test case in an idealised geometry at selected time instants are shown
in Fig. 1, where the fluid motion is caused by the gravitational force and the moulding form is filled with
vacuum. The developed algorithm is also applied to the numerical simulation of polyurethane moulding in a real
3D form geometry. From the obtained results, it is apparent that the free surface of the fluid could be well
captured and this computational algorithm is well suited for the solution of this type of flow problems.

This work was supported by the the project TA03010990 of the Technology Agency of the Czech Republic.

* Buropean Centre of Excellence NTIS — New Technologies for the Information Society, Faculty of Applied Sciences, University of
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Figure 1: Gravity moulding in a simple 2D test case - velocity magnitude in lattice units at selected time instants.
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Numerical modeling of cavitating flows with the NSMB solver

C.-K. Huang!, Y. Hoarau! and E. Goncalves?

This study presents implementation and validation of several cavitation modeling in the NSMB solver.
Cavitation is a phenomenon that occurs frequently in conventional hydraulic components such as pumps, valves,
turbines and propellers. Over-speeds imposed by the local geometry, shear phenomena, acceleration or vibration
may cause local pressure drops in the fluid. When the flow pressure is less than the vapor pressure of the fluid,
there is a partial vaporization and vapour structures arise. The so formed structures are entrained by the flow and
when they reach a higher pressure zone they condense and implode violently. Cavitation leads to significant loss
of system performance, problems of instability of operation of machines and erosion of the component walls. It
is thus a primary source of technical problems in the field of hydraulic turbomachinery, naval propulsion and
space as well as in high pressure fuel injection.

Numerical prediction of cavitation remains a challenge for several reasons. The modeling of phase transition
(thermodynamics) and the interactions with the turbulence is not fully established yet. Specific issues to
numerical techniques in this type of flow also persist. From the point of view of modeling, the vast majority of
computer codes dedicated to the simulation of cavitation is based on an averaged approach for both the two-
phase flow and the turbulence. A hierarchy of models exist: simple model of three equations (one-fluid) model
up to seven equations models (two-fluid) which remain rather suited for inviscid and simple geometries.

In this recent on-going study, the cavitation models developed at the LEGI are implemented in the NSMB
solver (structured parallel multiblocs compressible solver with chimera grid) and validated on simple case.
Furthermore the cavitation modelling is coupled to the Level-Set technique and will be presented. The end goal
of this study is to assess the validity of various turbulence modelling approach in cavitating flows.

' ICube Laboratory, 2 rue Boussingault, 67000 Strasbourg, France

2 LEGI, INP-Grenoble, France



66

Fully Lagrangian approach to mesh-free modelling of two-phase vortex flows

N.A. Lebedeva?, A.N. Osiptsov

The main goal of the study is to develop novel models and approaches for mathematical modeling of the
interaction of localized vorticity zones of different kind with an inertial dispersed admixture. The method
proposed is applicable to simulation of unsteady viscous flows with a dilute admixture of non-colliding particles
which do not affect the carrier phase. The approach is based on a modification and combination of the full
Lagrangian method! for the dispersed phase and a Lagrangian mesh-free vortex method based on the diffusion
velocity for Navier-Stokes equations describing the carrier phase?3. In the combined numerical algorithm, both
these approaches have been implemented and used at each time step. In the first stage, the vortex-blob approach
is used to calculate the fields of velocity and spatial derivatives of the carrier-phase flow. In the second stage,
using full Lagarngian approach, the particle velocity and number density are calculated along chosen particle
pathlines. In this case, the problem of calculation of all parameters in both phases (including particle
concentration) is reduced to the solution of a high-order system of ordinary differential equations, describing
transient processes in both carrier and dispersed phases. Due to a very high ‘compressibility’ of dilute admixture
in complex transient flows, various flow features can be manifested, e.g. discontinuities and singularities in the
dispersed-phase concentration, multiple intersections of particle trajectories, formation of ‘folds’ in the particle
continuum, etc. The correct simulation of these flow features involves serious difficulties when conventional
Eulerian or Eulerian/Tagrangian methods, described in the literature, ate used. The combined fully Lagrangian
approach, proposed here, allows one to study in detail local zones of particle accumulation in transient two-
phase flows with different ratios of phase material densities, including aerosol or dusty-gas flows and flows of
bubbly liquids or dilute suspensions.

As an example, the method is applied to simulate the development of vortex ring-like structures in an impulse
two-phase jet flows. This flow involves the formation of local zones of particle accumulation, regions of multiple
intersections of particle trajectories, and multi-valued particle velocity and concentration fields. The proposed
combined Lagrangian mesh-free approach enables one to reproduce with controlled accuracy all these flow
features without excessive computational costs.

Figure 1: Time evolution of inertial particle cloud in impulse jet flow at subsequent time instants; grey and blue
dots show the positions of vortex blobs, color dots show the positions of the particles and the values of the
dimensionless particle number concentration.
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Detached eddy simulation of a high Reynolds number turbulent boundary layer
with uniform blowing

R. Kidogawa?, Y. Kametani*b and K. Fukagata?

Reduction of skin-friction drag in turbulent flows has been studied for many years in order to mitigate
environmental burden or to enhance energy efficiency. However, the Reynolds number assumed in the previous
studies using numerical simulation is quite low as compared to that in practical engineering applications. In order
to explore the possibility of drag reduction control in practical applications, investigation of control effects at
high Reynolds numbers is necessary.

In the present study, a detached eddy simulation! (DES) of a spatially developing turbulent boundary layer
with uniform blowing (UB) is performed. The mechanism of drag reduction is investigated and the Reynolds
number dependency of the drag reduction rate is discussed.

The DES is one of hybrid turbulence models, which works as a Reynolds-averaged Navier-Stokes equation
(RANS) in the region near the wall and as a large eddy simulation (LES) in the region away from the wall. The
governing equations are the incompressible continuity, spatially filtered Navier-Stokes equation, and transport
equation for the eddy viscosity. The friction Reynolds number, Re,, is set to be 160 and 2000 in the present
study. The magnitude of UB from the wall is 0.1% or 0.5% of the free-stream velocity.

It is found from the present DES that UB makes the velocity profiles shifted away from the wall. The mean
streamwise velocity profile at Re; = 2000 is shown in Figure 1. The vertical chained line in the figure represents
the boundary between the RANS region and the LES region. The effect of UB depends on the control
amplitude. This tendency coincides with the results at Re; = 160 and DNS results at Re; = 160 of Kametani and
Fukagata?.

The drag reduction rate, K, at two different Reynolds numbers is shown in Figure 2 as functions of the
blowing velocity in wall units, I’*. It is found that the drag reduction rate is increased with the blowing velocity;
a drag reduction of 81.1% is obtained in the case of 0.5% UB at Re;=2000. It is also found that the relationship
between 1 and R is nearly insensitive to the Reynolds number.

In the final presentation, we also discuss the mechanism of drag reduction in comparison with the low
Reynolds number cases.

* Keio University, Hiyoshi 3-14-1, Kohoku-ku, Yokohama 223-8522, Japan
b Linné FLOW Centre, KTH, 100 44 Stockholm, Sweden

! Spalart et al., Advances in DNS/LES, pp. 137-148 (1997)

2 Kametani and Fukagata, J. Fluid Mech. 681, 154-172 (2011)

3 1
35 = = = No control : <+ DNS (Kametani and Fukagata)
0.1%UB 5 Re = 160
30F o 0.5%UB i 0.8 Re = 2000 [e)
0.6
£ S %
0.4
0.2 O
- x
*
™
% 0.05 0.1 0.15

Figure 1: Mean streamwise velocity. Figure 2: Drag reduction rate.
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Optimal subgrid scale model for passive scalar based on artificial neural network
A.Vollant?, G. Balarac® and C. Corre?

Due to the large range of motion scales in turbulent flows and the associated simulation cost, the direct
numerical simulation (DNS) of realistic applications remains out of reach. To overcome this limitation, the large-
eddy simulation (LES) technique explicitly solves the large scales of the flow only and models the smallest scales.
The separation between resolved and modeled scales is performed by a filtering operation applied to the
equations governing the flow. The filtering process yields subgrid-scale (SGS) terms, which have to be modelled
in LES. Various approaches have been proposed to define a SGS model, based either on a functional or
structural strategyl. A structural strategy emphasizes accuracy with respect to DNS while a functional strategy
focuses on the robustness / stability of the SGS model. This work assesses the use of an artificial neural network
(ANN) to define a SGS scalar flux model, in the context of the turbulent transport of a passive scalar, offering
an optimal trade-off between accuracy and stability.

Following Moreau et al.2, an optimal estimator can be defined in the LES context, which leads to the best
structural performance of a SGS model based on a given set of input parameters. In other words, the optimal
estimator yields the smallest quadratic error for the SGS scalar flux with respect to a DNS computation. This
concept of gptimal estimator has already been successfully used as an analysis tool to improve existing models since
it gives access to the irreducible error attached to a given model template’. The present work goes one step
further since a SGS model is directly derived as a surrogate model (SM) of the optimal estimator, with ANN
used to build the SM. The selected input parameters are derived from the complete and irreducible dynamic non-
linear tensor diffusivity model*. The ANN is built with a filtered DNS database of a mixing passive scalar in a
forced homogeneous turbulence (S¢ = 1 and Re = 90, performed on a 2563 grid); it is based on a perceptron
multi-layer fully connected with sigmoid activation function, as already used by Sarghini et al.5.

The SM built with the ANN is used as SGS model in a LES on a 323 grid and compared with filtered DNS
results and with results from a LES using a classic dynamic eddy-diffusivity model (DEDM). The temporal decay
of the resolved scalar variance is displayed in Fig.1: the SM prediction is in better agreement than DEDM with
the filtered DNS ; DEDM predicts a stronger decay because of an over-prediction of the SGS dissipation. Due
to this over-dissipation, the scalar variance spectrum (see Fig. 2) predicted by DEDM under-estimates the
smallest resolved scales, whereas the results obtained with SM stay closer to the DNS results. These preliminary
results will be completed with model robustness taken into account in the derivation of the SM.
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Figure 1: Evolution of the resolved scalar variance with time (left) and scalar variance spectrum at # = 0.2 (right).

* Grenoble-INP/CNRS/ UJF-Gtrenoble 1, LEGI UMR 5519, Gtenoble, F-38041, France
1 Sagaut, Large eddy simulation for incompressible flows : an introduction, Springer, (20006)

2 Moteau et al., Phys. Fluids 18 (2006)

3 Balarac et al., Phys. Fluids 25 (2013).

4 Wang et al., International Journal of Heat and Fluid Flow 28 (2007)

5 Sarghini et al., Computers and Fluids 32 (2003)
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Structure-preserving discretization of the Stokes equations in fluid dynamics

Bo Gervang? and Marc Gerritsmab

Mimetic methods or structure-preserving methods constitute an emerging field of scientific computing. Where in
the past a differential equation was solved by approximating all derivatives individually using nodal
approximations, the new paradigm considers the governing equations in a more global form. Enzo Tonti, [1,2],
explicitly made a distinction between topological and metric-dependent relations in physical models. The
topological relations consist of conservation laws, equilibrium and compatibility conditions, while the metric-
dependent part consists -- according to Tonti -- of phenomenological equations provided by constitutive laws,
also referred to as material equations or equations of state. The class of topological equations is further divided
into inner-oriented relation and outer-oriented relations. In terms of differential forms this distinction amounts
to topological relations between true forms and pseudo-forms, respectively. Tonti classifies nearly all physical
theories in terms of their topological and constitutive relations in so-called Tonti-diagrams.

The advantage to distinguish between topological and metric-dependent relations, is that the former possess a
discrete representation which does not involve mesh-dependent parameters, while only the constitutive
equations dependent explicitly on the mesh. As a result discrete (global) topological equations are exacf, while all
the approximation takes place in the metric-dependent (local) constitutive laws.

Mimetic discretizations are available for differential forms, [3-5], but continuum models require higher order
tensors for a proper description. While conservation of mass may still be expressed in terms of differential
forms, conservation of momentum should be expressed in terms of covector-valued pseudo volume forms. This
description of momentum can be found in [6-9] and [10], although Frankel treats momentum as a vector-valued
form. The reason for the use of more extended tensors is because in continuum mechanics physics % smeared out’
over volumes, surfaces and lines. In classical mechanics we have momentum which can be described by a 1-
form, but in continuum mechanics we use momentum per unit volume, which only yields momentum ‘after
integration over a volume’. Likewise, stress needs to be represented as a force density per unit atea.

In this talk results will be presented of a mimetic discretization where both momentum and stress are
represented as convector-valued differential forms.

[1] E.Tonti, On the formal structure of physical theories, Prepr. Ital. Natl. Res. Counc.(1975).

[2] E.Tonti, Why starting from differential equations for computational physies?, J. Comp. Physics, 257, pp. 1260-1290, 2014.

[3] P. B. Bochev and J. M. Hyman, Principles of mimetic discretizations of differential equations, Compatible Spatial Discretizations
The IMA Volumes in Mathematics and its Applications Volume 142,pp 89-119, 2006.

[4] J. Kreeft and M. Gerritsma, Mixed mimetic spectral element method for Stokes flow: A pointwise divergence-free solution, J. Comput.
Physics, 240, pp. 284-309, 2013.

[5] M. Desbrun, A. N. Hirani, M. Leok and J. E. Marsden, Discrete Excterior Calenlus, arXiv:math/0508341, 2005.

[6] E. Kanso, M. Arroyo, Y. Tong, A. Yavari, J.E. Marsden and M. Desbrun, On the geometric character of stress in continumum
mechanics, Zeitschrift fur Angewandte Mathematik und Physik 58 (5) , pp. 843-856, 2007.

[71 A. Yavari, On geometric discretization of elasticity, Journal of Mathematical Physics 49 (2) , art. no. 022901, 2008.

[8] J. E. Marsden and T. J. R. Hughes, Mathematical Foundations of Elasticity, Dover Publications, New York, 1983.

[9] R. Segev, Notes on Metric Independent Analysis of Classical fields, Math. Meth. Appl. Sci., 36, pp. 497 - 566, 2013.

[10] Th. Frankel, The geometry of Physics. An Introduction, 2nd edition, Cambridge University Press, 2004.
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Towards a stochastic closure approach for Large Eddy Simulation

Thomas von Larcher?, Rupert Klein, Illia HorenkoP, Philipp Metzner®, Matthias Waidmann?,
Dimitri Igdalovb, Andrea Becke, Gregor Gassnerd and Claus-Dieter Munz¢

We present a stochastic sub grid scale modeling strategy currently under development for application in Finite
Volume Large Eddy Simulation (LES) codes. Our concept is based on the integral conservation laws for mass,
momentum and energy of a flow field that are universally valid for arbitrary control volumes. We model the
space-time structure of the fluxes to create a discrete formulation. Advanced methods of time series analysis for
the data-based construction of stochastic models with inherently non-stationary statistical properties and
concepts of information theory based on a modified Akaike information criterion (mAIC) for the model
discrimination are used to construct stochastic surrogate models for the non-resolved fluctuations!'-2. Vector-
valued auto-regressive models with external influences (VARX-models) form the basis for the modeling
approach. We realize non-stationary statistical properties of these models by allowing for time dependent
switches between different fluctuation regimes which are represented by different, but fixed, sets of the
stochastic model parameters.

The reconstruction capabilities of the modeling ansatz are tested against fully three dimensional turbulent

channel flow data computed for an incompressible, isothermal fluid at Reynolds number Re;=590 by direct
numerical simulation (DNS). We present here the outcome of our reconstruction tests. We have identified the
VX-model as the model of choice, i.e. this model does not incorporate auto-regressive terms. Furthermore, the
model selection study resulted in a stationary, non-homogeneous model as the best-fit model. Thus, the channel
flow data model deviates from standard models which are typically based on homogeneous statistical
approaches. Secondly, considering the stochastic model approach, we found, surprisingly, that the deterministic
model part alone is good enough to fit the flux correction terms well. The best-fit deterministic flux corrections
agree very well despite the roughness of the coarse-grid data. This non-trivial result mentions also the role of
deterministic LES closure approaches. The results encourage us for the ambitious attempt at dynamic LES.

* Institute for Mathematics, Freie Universitact Betlin, Arnimallee 6, 14195 Betlin, Germany
b Institute of Computational Science, Universita della Svizzera Italiana, Via Giuseppe Buffi 13, 6900 Lugano, Switzerland
¢ Institute of Aerodynamics and Gas Dynamics, University of Stuttgart, Pfaffenwaldring 21, 70569 Stuttgart, Germany

4 Mathematical Institute, University of Cologne, Weyertal 86-90, 50931 Koeln, Germany
1 Horenko, J. Amm. Sei. 67, 1559 (2010).
2 Metzner et al., CamCoS 7,175 (2012)
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An immersed-body method for wind energy applications

A. Viréx, J. Xiang® and C.C. Painb

Wind turbine rotors are becoming increasingly large, in order to increase the power generated per turbine and
reduce the cost of energy. Concurrently innovative concepts are actively investigated, for example, floating
offshore wind turbines. In this context, the mutual interactions between fluids (e.g. air, water) and wind turbine
cannot be neglected. The accurate computational modelling of such interactions is however challenging, due to
the complexity of the geometry, the deforming fluid-structure interfaces, and the turbulent wind flow. In this
context, non-linear models for fluid- and structural- dynamics are required. This work focuses on developing
high-fidelity numerical techniques that can accurately compute fluid-structure interactions.

This study uses an immersed-body approach where the Navier-Stokes equations are solved on an extended
domain covering both fluid and structure. The extended domain is discretised by an unstructured finite-element
mesh (fluid mesh), while a separate mesh covers solely the structure (solid mesh). A solid-concentration field is
computed on the fluid mesh through conservative mapping between solid and fluid meshes. A novel algorithm
was developed in the fluid/ocean dynamics model Fluidity-ICOM! and ensutes spatial conservation of the
action-reaction force when it is projected between both meshes2. As opposed to other existing techniques, the
method enables: (i) arbitrarily high orders of representation of the discrete fields, and (i) different
representations of the discrete fields on each mesh.

The talk will be organised as follows. First, the fluid-structure interaction algorithm will be presented. Second,
the method will be validated on cases that are relevant to wind energy research. At this stage, flow past an airfoil
has been successfully represented by using dynamic mesh adaptation to resolve the boundary layer (Fig. 1).
Application to other test cases is ongoing and results will be presented at the conference. Recommendations for
future work will also be given.

* Fac. Aerospace Engineering, Delft University of Technology, Kluyverweg 1, 2629 HS Delft, The Netherlands

b Dep. Earth Science and Engineering, Imperial College London, SW7 2AZ London, United Kingdom
! Pain et al., Ocean Modelling 10, 5-33 (2005)
2Viré et al., Ocean Dynamics 62, 1487-1501 (2012)
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Figure 1: Snapshot of the pressure ficld for flow past an airfoil using the immersed-body approach.
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Stability of Subsonic Microjet Flows and Combustion

Yu.A. Litvinenko?, G.R. Grek®, M.M. Katasonov®, V.V. Kozlov®, O.P. Korobeinichev®,
and A.G. Shmakov®

Results of experimental studies of round and plane propane microjet combustion in a transverse acoustic field at
small Reynolds numbers are presented in this paper. Featutres of flame evolution under the given conditions are
shown. Based on the new information obtained on free micro - jet evolution, new phenomena in flame evolution

in a transverse acoustic field with round and plane propane micro - jet combustion are discovered and explained
(see Figures 1 and 2).
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Figure 1: Round microjet (for nozzle 4 = 0.5 mm) flame bifurcation in a transverse acoustic field.
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Figutre 2: Plane microjet flame bifutcation in a transverse acoustic field: short nozzle (/ = 2 mm, h = 200 pm, i/ h = 10).

This work was supported by the Integration Project SB RAS No. 24 and by the Russian Foundation for Basic Research, project Nos.
11-01-00292, 12-08-31083, 12- 07-00548, and 13-07-00616
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b Voevodsky Institute of Chemical Kinetics and Combustion, , Sibetian Branch of Russian Academy of Sciences, Novosibirsk, Russia
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Multicontinua description of spray diffusion flames in counterflow mixing layers

D. Martinez-Ruiz!, J. Urzay?, A. L. Sanchez?, A. Lifiancand F.A. Williamsd

Much of our present understanding of the local chemistry-mixing interactions occurring in turbulent reacting
flows stems from analyses of simple laminar-flow problems!. The counterflow mixing layer considered here may
be thought to be representative of local flow conditions in vortex-braid regions along unstable shear layers, and
also around the stagnation point that forms near the injector exit as a result of vortex breakdown of the switling
feed streams in typical combustion chambers; see Fig.1(a,b). This simple configuration has been used widely in
numerical and experimental studies of spray combustion.

The solution depends fundamentally on the droplet Stokes number, S7 defined as the ratio of the
characteristic droplet acceleration time to the characteristic counterflow strain time. Droplets with small 7 act as
tracers of the gaseous flow, remaining on the injection side, with their number density building up on the vicinity
of the stagnation plane. By way of contrast, droplets with St above a critical value of order unity, 5%, cross the
stagnation plane to undergo oscillatory motion around it. The associated droplet trajectories display multiple
plane and interdroplet crossings, whose description requires, in general, particle tracking techniques.

We show in this work that a continuous formulation of the liquid phase is possible even for S7>5%, provided
that an adequate treatment of the droplet reversing motion is implemented. The resulting Eulerian-Eulerian
description provides an appropriate framework to assess different spray-combustion phenomena, including
influences of droplet inertia, spray dilution, and fuel vapor diffusivity.

Dep. Ingenierfa Térmica y de Fluidos , Universidad Carlos I1I de Madrid, 28911, Leganés, Spain
Center for Turbulence Research, Stanford University, Stanford, CA 94305-3024, USA
© E.T.S.1. Acronauticos, Universidad Politécnica de Madrid, 28040, Madrid, Spain
d Department of Mechanical and Aerospace Engineering, UCSD, La Jolla, 28040, CA 92093-0411, USA
I D. Martinez-Ruiz et al., J. Fiuid Mech. 734, 387 (2013).
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Figure 1: Counterflow regions in (a) droplet-laden shear layers, and (b) switling injectors. (c) Typical arrangement of a
spray in counterflow configuration.
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Propagation of premixed flames in long narrow channels from a closed end:
transition from constant speed to rapid acceleration

Vadim N. Kurdvumov? and Moshe MatalonP

Propagation of a premixed flame in narrow channels from the closed end is considered analytically and
numerically. An asymptotic approach shows that in sufficiently narrow channels there are two distinct solutions
with a constant flame velocity corresponding to slow and fast flames. The solution with the highest velocity is
unstable and therefore cannot be observed in experiments. The two solutions merge when the channel width is
increased to a critical value, suggesting that the slow propagation with a constant velocity changes to a rapid
exponentially-like acceleration. This has been corroborated by direct numerical simulations. The results thus
provide a clear criterion for the conditions and onset of exponentially-like acceleration in long channels.
Influence of heat losses and differential diffusion (Lewis number) atre also reported.

* Department of Energy, CIEMAT, Avda. Complutense 40, 28040 Madrid, Spain
® Mechanical Science and Engineering, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA
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Effect of a forcing on auto-ignition time and a flame lift-off height

A. Tyliszczak®, E. Mastorakos”

Efficiency of combustion processes is directly related to a fuel-oxidizer mixing and interactions between a
flame and a flow field. Control of these two processes may lead to considerable improvement of efficiency,
safety and performance of vatious technological devices. Such control may be obtained applying a passive
and/or an active flow control technique'. Passive control relies on manipulation of the flow field without adding
any external energy and relies on geometric shaping or adding fixed elements. Active flow control methods
involve energy input whose type and level may be fixed or may be varying depending on the instantaneous flow
behaviour. In the field of fundamental research the active flow control techniques became important subject
of research in 70s starting from an experiment of Crow and Champagne® devoted to circular jet flows. They

showed that applying an axial excitation with
propetly chosen frequency the jet exhibits
significantly different behaviour from the
natural unexcited jet, they managed to
intensify turbulence intensity and mixing.
Possible applications of this type of
excitation in combustion processes were
demonstrated in experimental studies of
non-premixed switl-stabilised burner’ and
also in premixed flame in a bluff-body
configuration®. It was found that the
excitation improves lean flammability limits
and also changes the flame behaviour
qualitatively. They observed that excitation
may lift-off the flames or reattach already Fig.1 Contours of the temperature evolution in auto-igniting excited
lifted flames. In the jet type flows the appli- hydrogen jet in the central cross-section plane.

cation of excitation was studied® from the point of view of interaction with absolute instability modes. It was
found that in the absolute instability regimes the reacting jets are much less sensitive to the forcing than the non-
reacting jets, even if they are forced with the amplitude of the order of the jet velocity.

In the present research we focus on excited lifted/attached hydrogen flame issuing from a circular nozzle into
a hot ambient air. This flame (unexcited) was previously studied experimentally in Ref. [6] to which we refer to
validate the numerical results. We apply the Large Eddy Simulation and Conditional Moment Closure
combustion model which allows for accurate prediction of very complicated phenomena including spo ntaneous
auto-ignition, flame propagation and flame lift-off. We study the effect of the forcing on auto-ignition time, a
flame propagation speed and a flame lift-off height. We analyse two different type of the forcing (axial,
axial+helical) with varying frequencies and amplitudes. The fuel jet is a mixture of hydrogen (Y 1,=0.13) and
nitrogen (Yx,=0.87) at the temperature 691K. We consider two temperature of the ambient air: 980K at which
the resulting flame is attached to the nozzle and 930K for which the flame is lifted a few diameter from the
nozzle. Simulations are performed using a high order LES code validated based on the Sandia flames and Cabra
flame. Sample results showing the evolution of temperature - from the auto-ignition to a fully developed flame -
are shown in Fig.1l. In the presented case the forcing was prescribed as the combination of axial and helical
excitation. The bold lines in Fig. 1 indicate the most reactive mixture fraction (black line) and the stoichiometric
value (white line). It is seen that before the ignition the jet significantly expands radially and reminds a balloon.
The auto-ignition starts far from the inlet and appears almost simultaneously in a large volume of the flow. Then
the flame quickly propagates to the inlet along the most reactive lines and attaches to the nozzle.

a Faculty of Mech. Eng. Comput. Sci., Czestochowa Univ. of Tech., Al. A. Krajowej 21, 42-200 Czestochowa, Poland

b Hopkinson Laboratory, Dep. of Engineering, University of Cambridge, Cambridge CB2 1PZ, United Kingdom
! Kral, ASME Fluids Eng, Div. Technical brief (1998).
* Crow and Champagne, J. Fluid Mech., 48:547-691 (1971)
? Hardalupas and Selbach, Prog. Energy Combust. Sci., 28:75-104 (2002)
*Balachandran et al., Combust. Flame, 143:37-55 (2005)
® Juniper et al. Proc., Combust. Inst., 32:1191-1198 (2008)
¢ Markides and Mastorakos, Proc. Combust. Inst. 30:883-891 (2005)
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Massively parallel simulation of soot formation in turbulent flames
Antonio Attili*, Fabrizio Bisetti* Michael E Muelletb, and Heinz Pitsche

Soot is an aerosol consisting of tiny carbonaceous particles clustered in aggregates of a few hundreds microns.
Soot originates from large Polycyclic Aromatic Hydrocarbon (PAH) species, such as naphthalene, pyrene, and
coronene. Upon formation, soot grows by further addition of PAH molecules and by chemical reactions on the
particles’ surface, and may loose mass due to oxidation. Collisions among particles lead to a decrease in the soot
number density. Since soot poses important health and environmental hazards, there exists significant interest in
improving our understanding of the details of its formation and growth with the aim of reducing harmful
emissions. Recently, emphasis has been placed on the characterization of toxicity, particulate size distribution,
and surface fraction of soot emissions from newly introduced combustion devices.

A set of direct numerical simulations (DNS) of turbulent combustion coupled with soot formation has been
performed!. These DNS studies constitute the state-of-the-art in terms of scope, physical models, and numerical
methods for massively parallel reactive flow simulations. A detailed chemical mechanism, which includes PAH,
and a high-order method of moments for soot modeling are employed for the first time in the three-dimensional
simulation of turbulent flames. The DNS calculations feature 500 M grid points and consumed more than 50 M
cpu-houts on 32,768 cores of an IBM Blue Gene/P system and generated in excess of 100 TB of data.

It is observed that the sensitivity of soot precursor to turbulent mixing causes large inhomogeneities in the
precursor fields, which in turn generate even stronger inhomogeneities in the soot fields (Fig.1a). From the
analysis of Lagrangian statistics, it is shown that soot nucleates and grows mainly in a layer close to the flame and
spreads on the rich side of the flame due to the fluctuating mixing field (Fig.2a). The results show the leading
order effects of turbulent mixing in controlling the dynamics of soot in turbulent flames. Given the difficulties in
obtaining quantitative data in experiments of turbulent sooting flames, these simulations provide valuable data to
guide the development of models for Large Eddy Simulation and Reynolds Average Navier Stokes approaches.

* Clean Combustion Research Center, King Abdullah University of Science and Technology, Thuwal 23955, Saudi Arabia

b Department of Mechanical and Aerospace Engineering, Princeton University, Princeton, NJ 08544, USA

¢ Institut fur Technische Verbrennung, RWTH Aachen University, 52056 Aachen, Germany
U Attili A. et al., Comb. Flame , in press (2014). Doi: http://dx.doi.otg/10.1016/j.combustflame.2014.01.008
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Figure 1: (a) Render of the turbulent flame: the blue isosutface of temperature marks the flame location at 1800 K; the
yellow and red isosurfaces show the naphthalene concentration; the white isosurface indicates regions of high soot mass. (b)
Mean of temperature (red squares), naphthalene mass fraction, A2 (green circles), and soot mass fraction (blue triangles)
conditioned on mixture fraction.
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Taylor dispersion and the thick-flame asymptotic limit

[. Daou?, P. Pearce* and F. Al-MalkiP

We examine Taylor dispersion problem in the context of premixed combustion. The model considers a flame
propagating against a two-dimensional parallel flow of small scale but large amplitude. A formula for the
effective propagation speed of the travelling wave is derived in the asymptotic limit corresponding to a flame
which is thick compared to the flow scale. The formula neatly describes how the flame speed is enhanced by the
presence of the flow, and shows that this enhancement is in full agreement with the shear-augmented diffusion
phenomenon known as Taylor dispersion. The distinguished asymptotic limit considered is argued to be of high
relevance for understanding, within simple tractable analytical laminar-flow models, the so called bending-effect of
the turbulent flame speed Ur, which is observed experimentally under high intensity turbulent flow. In fact, several
additional distinguished limits are also analysed, both asymptotically and numerically, which identify various
behaviours depending on the non-dimensional flow intensity A, the non-dimensional flow scale g and the
Reynolds number Re, see figure. The findings seem to be able to explain the differing and often apparently
contradictory results found in experimental and numerical studies concerned with flame propagation in more
complex flows and in particular with those concerned with turbulent premixed combustion.

* School of Mathematics, University of Manchester, Manchester M13 9PL, UK
b Department of Mathematics, Taif University, Saudi Arabia
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Figure: Effective flame speed Ur in the presence of a Poiseuille flow as a function of the flow intensity A for selected
values of the flow scale €' and the Reynolds number Re.
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Numerical investigation of a supersonic Hz-Air combustion chamber

A. Coclite!:2, I.. Cutroneb3, M. Gurtnert, O. Haidnd, P. De Palma»b and G. Pascazio*P

The industrial and scientific communities are devoting major research efforts to develop and assess innovative
technologies for advanced propulsion system. Among such technologies, scramjet propulsion systems, based on
hydro-carbon combustion is considered as a key issue to achieve better propulsive performance and lower
environmental impact. In order to improve the know-how to build more efficient engines with lower emissions,
it is necessary to enhance the knowledge of the combustion phenomena. In this context, the simulation of
turbulent reacting flows is very useful to cut down experimental costs and to achieve a thorough comprehension
of the physical mechanisms involved. The aim of the present work is to analyse both the flow field and the
hydrogen supersonic combustion in the combustion chamber of the Institute for Flight Propulsion at TUM1.
The model used to study such a supersonic combustion phenomenon is an extension of the standard flamelet-
progress-variable (FPV) turbulent combustion model, combined with a Reynolds Averaged Navier-Stokes
(RANS) equation solver2. In the FPV model, all of the thermo-chemical quantities are evaluated by solving
transport equations for the mixture fraction Z and a progress variable C. When using a turbulence model in
conjunction with FPV model, a probability density function (PDF) is required to compute statistical averages
(e.g., Favre average) of chemical quantities. The choice of such PDF must be a compromise between
computational costs and accuracy. State-of-the-art FPV models are built presuming the functional shape of the
joint PDF of Z and C. The mixture fraction is widely accepted to behave as a passive scalar with a mono-modal
behaviour modelled by a B-distribution. Moteover, Z and C are assumed statistically independent so that the
joint PDF coincides with the product of the two marginal PDFs. The model employed3 in this work discards
these two constitutive hypotheses and evaluates the most probable joint distribution of Z and C without any
assumption on their behaviour using the Statistically Most Likely Distribution approach4. Preliminary results
have been obtained for the supersonic non reacting flow through the combustion chamber with air-jet Mach
number equal to 2.1, total pressure of 950 kPa, and total temperature of 1000 K, without any H: injection.
Figure (1) shows the Mach number contours in the near-strut injector zone. One of the major issue with the
supersonic air-breathing system is the fuel injection device, since the topology of the complex shock-expansion
structure is crucial for the stability and efficiency of the combustion process. In the final work, supersonic
reactive-flow computations will be discussed.

I

1,90 2,00 2.05 2,05 2.07 2,07 2.08 2,10 2,11 2,20 2,30

0.04 0.06 08 0.1
x

Figure 1: Mach number contours in the near-strut injector zone

Dipartimento di Meccanica, Matematica e Management, Politecnico di Bari, Via Re David 200, 70125, BARI, ITALY
Centro di Eccellenza in Meccanica Computazionale, Politecnico di Bari, Via Re David 200, 70125, BARI, ITALY
Centro Italiano Ricerche Aerospaziali, Via Maiorise, 81043, CAPUA, ITALY

Institute for Flight Propulsion, Technische Universitat Munchen, Boltzmannstr. 15, 85748, GARCHING, GERMANY

! S. Fuhrmann et al., Investigation on Multi-Stage supersonic combustion in a Model combustor, 17: AIAA International Space

Planes and Hypersonic System Conference

L. Cutrone et al., A RANS flamelet-progress-variable method for computing reacting flows of real-gas mixtures, Computers & Fluids
39 (2010), 485-498

? A. Coclite et al, A general SMLD approach for presumed probability density function in flamelet combustion model. AIMeTA 2013
proceeding
4 M. Thme and H. Pitsch, Prediction of extinction and reignition in nonpremixed turbulent flames using a flamelet progress variable

model, Combustion and Flames 155, (2008), 70-89



82

Soot evolution in a turbulent flame via Monte Carlo methods

M. Lucchesi®, A. Abdelgadir®,A. Attili®, F. Bisetti®, C.M. Casciola?®

Soot formed during the rich combustion of fossil fuels is an undesirable pollutant
and health hazard. Recently, Attili et al. simulated soot formation and growth in a n-
heptane three dimensional non premixed jet flame? using an high order method of
moments' to model soot. During the simulation, variables relevant to soot formation
have been tracked along Lagrangian trajectories.

In this work, Monte Carlo method is used to simulate the soot evolution along
selected trajectories as post-processing of the DNS?. The Monte Carlo solver is based
on an operator splitting approach to separate deterministic processes, as soot
nucleation and surface growth, from stochastic events, as soot particles coagulation.

The scope of the work is twofold. Firstly, the results obtained with the method of
moments employed in the DNS are compared with those calculated with the Monte
Carlo approach. This comparison allows a cross-validation of the two methods and a
verification of the hypotheses made to formulate the closure in the method of
moments. Secondly, the Monte Carlo approach provides a much richer description of
the soot particulate with respect to the method of moments as the complete
probability of soot particles size is directly calculated.

Approximately 70 trajectories are selected for this study. At the final DNS time
(t=20ms) all these trajectories are located at Z=0.3 in mixture fraction space and are
characterized by a soot mass fraction approximately equal to the conditional mean at
Z=0.3. The location of these trajectories is shown as a square in fig. la. The
distribution of particle diameter for single trajectories (coloured lines) and using the
whole ensamble from all the trajectories (black line) are plotted in fig. 1b. All the
curves show a strong peak at the size at which soot particles nucleate and a broad
distribution at larger size due to coagulation. The differences between different
trajectories are due to the different trajectory histories in composition space.

a Dipartimento di Ingegneria Meccanica ed Aerospaziale, Universita' “La Sapienza”, Rome, Italy.

b Clean Combustion Research Center, KAUST, Thuwal, Saudi Arabia.
! Mueller et al.,, Comb. Flame 156, (2009).
2 Attili et al., Comb. Flame, in press (2014).
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Figure 1: (a) Mean mass fraction as function of mixture fraction at final time (from Attili et
al.?); the black square marks the location in Z-space for all processed trajectories. (b)
Probability density function of particles diameter: average over all trajectories (line) and
selected trajectories (colors).
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3-Component LDA Measurements of Cold Flow in an Annular Combustor Model
Z. Aslan? E. G. HasdalP, F. O. Edisc and K. B. Yuceilc

Gas turbine combustors have quite complex aerodynamics due to the components such as diffuser, swirler
and liner. Air partitioning between the components have a huge effect on combustion efficiency and temperature
pattern factor at turbine inlet. Switlers are commonly used in industrial combustor for flame holding since they
create a zone of recirculation flow that traps flame inside. Primary and secondary liner holes contribute to the
combustion process and dilution holes substantially affect pattern factor.

In order to have a better understanding of this phenomenon, an atmospheric test rig was designed and
developed for cold flow measurements inside a combustor sector model. Measurements are conducted using a 3-
component LDA system. Combustor sector model is a simplified rectangular geometry of an annular combustor
and is manufactured using acrylic plates in different thicknesses for diffuser, casing and liner. One of the
combustor walls is manufactured from glass in order to have good optical access for LDA measurements. A
CAD model of the model is showed in Figure 1.

This study focuses on velocity and turbulence results of cold flow experiments in three dimensions in an
annular combustor sector model. Figure 2 shows velocity contours and velocity vectors on a vertical plane
passing through the centre of the swirler. Two different swirler designs inside the combustor are used for
comparison of the switler performance. The full paper will include detailed results and analyses of velocity and
turbulence characteristics at different measurement planes within the combustion region.

Figure 1 Combustor sector model

Figure 2 Velocity vectors and contours on a plane through the swirler centreline

* Kale Aerospace, Tuzla, Istanbul, Turkey
b EDS Aerospace Technologies, Maslak, Istanbul, Turkey
¢ Astronautical Engineering Department, Istanbul Technical University, Maslak, Istanbul, Turkey
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Numerical Simulation of Syngas Turbulent Premixed Bunsen Flame

E Battista?, F. PicanoP, G. Troianic, C.M. Casciolaad

Increasing demand of fuel flexibility prompted the use of hydrogen-based combustible that have been
considered a viable alternative to classical fossil fuels in modern engines and gas turbines. While huge attention
has been devoted to address the dynamics of the hydrogen flame front evolution in laminar and in turbulent
tlows!, less studies, concerning hydrogen-based fuels, e.g. syngas, are present in literature. Syngas is a mixture of
hydrogen and carbon-monoxide with few parts of methane and carbon dioxide, depending on the production
methodology.

The aim of the present work is to address the syngas flame dynamics affected by turbulence fluctuations with
different composition (hydrogen/carbon-monoxide mole ratio, a=nm2/nco) and different equivalent ratio
(9= (Nfuel/ Nair) / (Nfuel/ Mair)sr). To this purpose direct numerical simulations of a premixed turbulent Bunsen flame
are performed. The simulation is characterized by a Reynolds number (based on the jet diameter and inlet
conditions) of Re = 12000, and the inlet equivalent ratio and fuel composition of ¢=0.4 and «=0.5, respectively?.
Panel (a) of figure shows the instantaneous configuration of the hydrogen (Hz) mass concentration iso-level.
The flame appears highly corrugated with sharp peaks protruding towards the products.

Data obtained from the present simulation allow us to evidence the interaction between the flame front and the
turbulent fluctuations that are intense due to the high Reynolds number. Panel (b) of figure shows the
temperature-based instantaneous progress variable Cr=(T-Ty)/(T.a-Tu) (with T the actual temperature, and Taq
and T, the adiabatic and unburned gas temperature, respectively) that is expected to range from zero to one. In
the present simulation we observe, as occurs in pure hydrogen flame, a local overcoming of the adiabatic
temperature, induced by the joint effects of turbulent corrugation and differential diffusion of species and
radicals involved in the syngas combustion. The intense combustion in the high temperature region is
corroborated by the corresponding high OH radical concentration shown in panel (c), moreover, unlike the pure
hydrogen flame, local quenching is not observed in flame front cuspids, panel (c). This is due to the CO
oxidation occurring on the cuspids keeping high the local temperature, inhibiting the local quenching, We stress
that the peculiar geometry is suitable to address both the basic feature of the considered phenomenon and to
study the combustion/turbulence interaction in a configuration very close to the real applications, of fuel
injectors. Unlike the plane flame, typically used in the fundamental study of flame/turbulence interaction?, here
the cylindrical geometry enforces a mean curvature that affects the turbulence structures and could significantly
influence the flame front dynamics. An extensively analysis of this aspect is expected to provide important
information on the injectors behavior aimed at improving their efficient design.
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Figure 1: Panel (a): instantaneous configuration of hydrogen mass concentration iso-level. Panel (b):
temperature-based instantaneous progress variable Cr=(T-Ty.)/(Ta-Ty). Panel (c): instantancous OH mass
concentration, tip flame magnification.
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Experiments on Premixed Flame Confined in a Tube with Radial Air Injection

Nilajkumar Deshmukh, S.D. Sharma and Sudarshan Kumar

In a lean combustion with internal flow environment, coupling between pressure fluctuations and heat release
fluctuations lead to acoustic instabilities which are seen to enhance combustion efficiency and reduce NOx
emission. However, these acoustic oscillations, when grow sufficiently loud, may cause serious structural damage
thereby reducing the life span of gas turbine, jet engines, industrial burners etc.

The aim of the first part of study is to define acoustically stable (without sound) and acoustically unstable (with
sound) regions. The second part is focus on study the effect of change in pressure field near to the premixed
flame on the amplitude and frequency of the oscillations of instability. This study is carried out for three burner
positions from the inlet of the tube as x/L= 0.25, 0.2 and 0.1. For each burner position, stability regions are
established for fixed equivalence ratio of 0.7 by varying heat supply and total mean flow rate (20 LPM -80 LPM)
through the tube. The results shows two acoustically unstable regions for 0.1 and 0.2 burner positions and only
one acoustically unstable region for 0.25 burner position. The pressure field near to the premixed flame is vary
using radially pointed injection and radially diffused injection over a flame using two different ring with eight
circumferentially equi-distanced holes (at an angle of 45%) over the burner. The ring with inward holes is used for
pointed injection and diffused injection. For diffused injection deflector ring is attached with the ring with
inward holes. The other ring with outward holes is used for diffused air injection from the tube wall. This is
carried out for three position of ring from the burner as g/1.=0.033,0.02 and 0.006 for equivalence ratio of 0.7.
The SPL data is acquire using NI USB-6212 PC based system with Lab View 7.1. The results show for
burner position of x/L= 0.2 and ring position from burner as g/1.=0.033 there is 25 dB (third mode of 783 Hz
frequency) suppression is possible using pointed injection over premixed flame with higher flow rate. Whereas
for burner position 0.25 and ring position 0.006 there is 13 dB (second mode of 487 Hz frequency) amplification
with pointed injection at higher flow rates and low total mean flow rates is notice. The experiment of diffused
injection shows sound amplification more than 12 dB is observed for burner location 0.02 and all ring position
studied. The diffusion of air from wall and deflector ring has shown no significant effect on peak SPL.

Aerospace Engineeting Department, Indian Institute of Technology Bombay,Powai, Mumbai 400076, India,nilajd@acto.itb.ac.in
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Double-layered exact coherent structures in shear flows

M. Nagata?, K. DeguchiP

For the past two decades invariant sets of Navier-Stokes equations, often called exact coberent structures, have
played important roles in understanding subcritical transition from laminar state to turbulence. Several exact
coherent structures for various shear flows are known to date and it would be of interest to examine connections
among them in terms of their symmetries and to investigate common flow structures that appear during
transitional states. For this aim we first consider annular Poiseuille-Couette flow because it could serve as an
intermediary between two canonical shear flows without linear instabilities, namely plane Couette flow and pipe
flow. Being lineatly stable for all Reynolds numbers they are bound to undergo subcritical transition. Although
plane Couette flow and pipe flow are very different geometrically, annular Poiseuille-Couette flow recovers plane
Couette flow by taking the narrow gap limit and also pipe flow by taking the limit of vanishing inner cylinder
though some additional care must be taken of the conditions at the centre.

Recently, by using the steady three-dimensional plane Couette flow solution, which is the first-ever exact
coherent structure often referred to as Nagata solution!, as a seed, a homotopy continuation with respect to the
radius ratio of the cylinders has successfully been conducted? to obtain non-axisymmetric solutions in sliding
Couette flow, i.e. annular Poiseuille-Couette flow without axial pressure gradient, via transformation from plane
geometry. In the course of the homotopy continuation, solutions possessing a double-layered mirror-symmetric
flow structure are found to bifurcate from those non-axisymmetric solutions continued from Nagata solution.
These double-layered mirror-symmetric solutions in sliding Couette flow are traced back to the previously
reported mirror-symmetric solutions34in plane Couette flow. Applying further homotopy continuations which
concern the adjustment of the axial velocity to a parabolic profile and a smooth change of the basis functions
from no-slip to regular conditions at the centre, we demonstrare that only the double-layered mirror-symmetric
solutions in annular Poiseuille flow, as shown in Figure 1(a), successfully reach the pipe flow limit, reproducing
the double-layered mirror-symmetric solution classified previously as M1 in pipe flow> (see Figure 1(b)).

Also, we present a study on the symmetry connection of invariant sets between plane Couette flow and plane
Poiseuille flow and demonstrate the existence of double-layered mirror-symmetric solutions in plane Poiseuille
flow® (see Figures 1(c) and (d)).

The double-layered mirror-symmetric exact coherent structures existing in shear flows in common may play
an active role in subcritical transition to turbulence’.

2 School of Mechanical Engineering, Tianjin University, Nankai District, Tianjin City, CHINA
b Dep. Mathematics, Imperial College London, South Kensington, SW7 2AZ, UK
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Figure 1: Cross-sectional flow field with a double-layered mirror-symmetric structure. (a) Annular Poiseuille flow. (b) Pipe
flow. (c) Plane Couette flow. (d) Plane Poiseuille flow.
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Effect of ambient flow inhomogeneity on shear-induced lift on a sphere at finite
Reynolds numbers

Jungwoo Kims®

In particle-laden flows involving particle transport and dispersion, the prediction capability of hydrodynamic
forces on the particle in a non-uniform flow is one of the central issues. However, existing analytical expressions
and empirical correlations are mainly based on uniform or other simple linear ambient flows such as uniform
shear and uniform vortex. Therefore, the objective of this study is to investigate the effect of flow
inhomogeneity on shear-induced lift on a sphere. In this study, two kinds of flow inhomogeneity are considered:
inhomogeneous shear and inhomogeneous fluid velocity. For the case of an inhomogeneous shear, it is

. /D
considered the sine profile having the form of U(X,y)/U, =1+ KSIn(Zﬂzl—D). Here, U, is the fluid

velocity at the center of the sphere, D the sphere diameter, L the period of the sine profile. Also, the Reynolds

number is =100. The present simulations show that the lift forces are decreased with increasing the

14
degree of the flow inhomogeneity (that is, D /L) while the non-dimensional shear rate at the location of sphere

K
center is fixed to be 27r—=0.1. Comparing the change in the lift force with respect to surface-averaged

vorticity under uniform inlet shear, that under inhomogeneous shear has certain systematic deviations, which is

mainly caused by the viscous effect. Also, it is observed that higher-order components (e.g. v ) alone do not
generate the shear-induced lift. Rather, they have an indirect influence that they change the shear rate seen by the
sphere, and then the lift force is modified. On the other hand, when the fluid velocity seen by the particle is
inhomogeneous, the lift is increased (or decreased) with decreasing (or increasing) the surface-averaged fluid
velocity. In the final presentation, more details of the shear-induced lift on a sphere in inhomogeneous flow
conditions considered would be presented.

: Department of Mechanical System Design Engineering, Seoul National University of Science and Technology, Seoul 139-743,
Korea
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Crisis and Chaos in Shear Flows

T. Kreilosab, B. Eckhardtbe and T.M. Schneiderad

In linearly stable shear flows turbulence spontaneously decays on a characteristic transient lifetime 1. The
lifetime sharply increases with Reynolds number Re so that a possible divergence marking the transition to
sustained turbulence at a critical point has been discussed, yet the mechanism underlying the increase has not
been understood. We demonstrate a mechanism by which the lifetimes increase: a locally attracting orbit forms a
turbulent pocket via a route-to-chaos sequence of bifurcations, followed by a boundary crisis in which the chaotic
attractor turns into a chaotic saddle. The complexity of the turbulence supporting saddle hence increases and it
becomes more densely filled with unstable periodic orbits, increasing the time it takes for a trajectory to leave the
saddle and decay to the laminar state. We demonstrate this phenomenon in the state space of plane Couette flow
and show that as a result characteristic lifetimes vary non-smoothly and non-monotonically with Reynolds
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Figure 1: The turbulent saddle fills state space visualized by the lifetime of initial conditions in a 2D section. As Re is
increased a new turbulent pocket emerges. [1]

In a small periodic domain, the emerging chaotic saddle is visualized for successively growing Re in Fig. 1.
The first known coherent structures are created in a saddle-node bifurcation, with an attracting upper branch
whose basin of attraction (small dark-red region in (a)) is separated from the attracting laminar state by the stable
manifold of the lower-branch. The fixed-point undergoes a series of bifurcations that result in a chaotic attractor
(b). At Re = Rec the chaotic attractor collides with the lower-branch state, leading to boundary crisis where it
turns into a chaotic saddle (c). At higher Re a complex saddle has formed (d).

At higher Re, the same mechanism creates further new pockets embedded in the chaotic saddle (Fig. 2). Once
the local chaotic attractor undergoes a boundary crisis it joins the surrounding saddle at a discrete Re. This
sudden expansion of the chaotic saddle allows for longer transients quantified by an increased . Consequently, a
growth of the saddle via discrete bifurcations is associated with non-smooth and non-monotonic variations auf
the lifetime [2]. Smooth variations are only recovered in a statistical sense.
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Stratified shear flow: experiments in an inclined duct

P. F. Linden, C.R Meyer and S. Vincent

Department of Applied Mathematics and Theoretical Physics, Centre for Mathematical Sciences,
University of Cambridge, Wilbetforce Road, Cambridge, CB3 0OWA, UK.

We present results of experiments on stratified shear flow in an inclined duct. The duct
connects two reservoirs of fluid with different densities, and contains a counterflow with a
dense layer flowing beneath a less-dense layer moving in the opposite direction. We identify
four flow states in this experiment, depending on the fractional density differences,
characterised by the dimensionless Atwood number, and the angle of inclination, which is
defined to be positive (negative) when the along-duct component of gravity reinforces
(opposes) the buoyancy-induced pressure differences across the ends of the duct. For
sufficiently negative angles and small fractional density differences the flow is observed to be
laminar (L state) with an undisturbed density interface separating the two layers. For positive
angles and/or high fractional density differences three other states are observed. For small
angles of inclination the flow is wave-dominated and ex- hibits Holmboe modes (H state) on
the interface with characteristic cusp-like wave breaking. At the highest positive angles and
density differences there is a turbulent (T state) high-dissipation interfacial region containing
Kelvin-Helmholtz (KH)-like structures sheared in the direction of the mean shear and
connecting both layers. For intermediate angles and density differences an intermittent state (I
state) is found, which exhibits a rich range of spatio-temporal behaviour and an interfacial
region that contains features of other three lower-dissipation states: thin interfaces, Holmboe-
like and KH-like structures. We map the state diagram of these flows in the Atwood number —
inclination-angle plane, and examine the force balances that determine each of these states. We
find that the L and H states are hydraulically controlled at the ends of the duct and the flow is
determined by the pressure difference associated with the density difference between the
reservoirs. As the inclination increases, the along-slope component of the buoyancy force
becomes more significant, and the I and T states ate associated with increasing dissipation
within the duct. We replot the state-space in the Grashof—angle phase plane and find the
transition to the T-state is governed by a critical Grashof number. We find that the
corresponding buoyancy Reynolds number of the T-state is of order 100 and that this state is
also found to be hydraulically controlled at the ends of the duct, and with the dissipation in
balance with the force associated with the along-slope component of buoyancy, the
counterflow has a critical composite Froude number. We also present PIV and PLIF
measurements of the flow in the different states and examine the relation between the observed
flow structures and the mean and fluctuating velocity and density fields.
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Wall patterning effects on swimming motion

D. Pimponi?, M. Chinappi®, P. Gualtieri* and C.M. Casciola?

In recent years, the interest on the dynamics of small particles and microswimmers moving in low Reynolds
number flows has largely increased, due to their relevance in micro and nano scale devices. The surface
modification is a promising strategy to control separation, sorting, selection, adhesion or clustering. We already
know that superhydrophobic (SH) surfaces, when created by geometrical modifications on the surface such as
grooves or pillars, induce flow patterns which give rise to completely different dynamics of transported passive
particles (Fig.1), compared to those observed near standard homogeneous walls, with apparent trajectory
deviations!.

Our aim is to extend the investigation to the behavior of self-propelled bodies moving close to SH grooved
surfaces. The approach based on Boundary Element Methods accounts for all hydrodynamic interactions, even
in dealing with complex geometries, allowing to predict velocities and stresses on the swimmer, a simple model
of E.coli bacteria, hence its trajectories. Such numerical tool might be employed to investigate the reasons why
swimmers undergo completely different dynamics depending on the surrounding environment: being close to no
slip or free slip surfaces makes them prefer clockwise? or counter-clockwise? trajectories. The understanding of
these phenomena is crucial in designing wall patterns to achieve desired behaviors.

! Dep. Mechanical and Aerospace Engineering, Sapienza University, Via Eudossiana 18, Rome, Italy

® Center for Life Nano Science@Sapienza, Italian Institute of Technology, Rome, Italy
1 Pimponi et al., Microfluidics and Nanofluidics 15 (2013).

2 Lauga et al., Bigphys. ]. 90 (2006)

3 Di Leonatdo et al., Phys. Rev. Letz. 106 (2011)
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Figure 1: (a) Trajectory deflection for a sphere moving close to a grooved SH wall. (b) Stress distribution (x-component)
over a swimmer moving close to a SH wall.
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Hydrodynamics and energetics of jumping copepod nauplii and adults
N. Wadhwa?, A. Andersen2 and T. Kiorboeb

Copepods are millimetre sized crustaceans which are ubiquitous in aquatic habitats. They swim at
intermediate Reynolds numbers, where both viscosity and inertia are important. Moreover, within its life cycle, a
copepod goes through drastic changes in size, shape, and swimming mode from the eatly (nauplius) to the later
(copepodid) stages. The swimming Reynolds number (Re) changes by two orders of magnitude in the process.
We expect these changes to result in hydrodynamic and energetic differences, ultimately affecting the fitness. To
quantify these, we have measured the swimming kinematics (figure 1) and fluid flow around jumping Acartia
tonsa, at different stages of its life cycle. We show that the flow structures around nauplii and copepodids are
topologically different, with one and two vortex rings respectively (figure 2). Our measurements suggest that
copepodids are hydrodynamically more inconspicuous in terms of the spatial decay of the flow velocity, and we
compare this with some models of swimming organisms. We discuss the increase in energetic efficiency from
nauplii to copepodids, due to the change in hydrodynamic regime accompanied with a body form and swimming
stroke well suited for it.

B Department of Physics and Centre for Ocean Life, Technical University of Denmark, DK-2800 Kgs. Lyngby, Denmark

b National Institute for Aquatic Resources and Centre for Ocean Life, Technical University of Denmark, DK-2920 Charlottenlund,
Denmark
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Figure 1: Time seties of the jump of a nauplius (a-f) and a copepodid (g-1). In both, the first four images show the power
stroke and the last two the recovery stroke, with successive images being 2 ms apart. The nauplius swims using two pairs of
antennal appendages. The copepodid uses five pairs of swimming legs for propulsion and the tail (urosome) for steering.
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Figure 2: Flow fields around a jumping () nauplius and (b) copepodid at the end of their power stroke. (a) Re = 7.7, and
(b) Re = 44.7. (a) and (b) correspond to (d) and (j) in figure 1, respectively. The nauplius jump results in a single vortex ring
around the organism, and the copepodid jump in one ring in the front and another in the wake of the organism.



97

The role of helical swimming and rotational diffusivity on the turbulent 'unmixing' of
microorganisms
Salvatore Lovecchio!, Eric Climent2, William M. Durham? and Roman Stocker*

Aquatic microorganisms have developed a wide range of movement strategies to explore their environment
and colonize the niches essential for their survival. For example, marine phytoplankton rarely swim in straight
lines, but instead follow trajectories that are helical and characterized by substantial rotational noise.

Here we investigate how these departures from the most common assumption in motility models (straight
runs) affect their interaction with turbulent flow, an unavoidable feature of their oceanic habitat. Specifically, we
explore how the patchiness in the spatial distribution of motile cells triggered by turbulence is modified by helical
swimming and rotational diffusion. We find that both the location of patches and the mechanisms of interaction
between cells and turbulent structures are different from what has been reported for straight-swimming
plankton.

Our findings reveal that phytoplankton may employ these simple departures from straight runs motility to
actively control their spatial distribution to find mates or avoid predation.

Figure: Horizontal snapshot of a 3D turbulent flow, at Re, =55 showing cell clustering (black dots) in vorticity regions for
elongated and gyrotactic particles. Color code shows the magnitude of fluid vorticity relative to Eulerian average.

b Dipartimento di Ingegneria Elettrica, Gestionale e Meccanica, Universita degli studi di Udine, 33100, Udine, Italy

Institut de Mécanique des Fluides, Université de Toulouse, INPT-UPS-CNRS, Allée du Pr. Camille Soula, F-31400 Toulouse,
France
3 Department of Zoology, University of Oxford, South Parks Road, Oxford, OX1 3PS, UK
Ralph M. Parsons Laboratory, Department of Civil and Environmental Engineering, Massachusetts Institute of Technology, 77
Massachusetts Avenue, Cambridge, Massachusetts 02139, USA
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Stability of Downflowing Swimming Gyrotactic Microorganism Suspensions:
Formation of the Blip Instability

Y. Hwang* and T. J. Pedley®

Hydrodynamic focusing of cells is a robust feature in downflowing suspensions of swimming gyrotatic
microorganisms. In the early experiments with a downward pipe flow, Kessler (1986, J. Fluid Mech, 173:191-205)
observed that the focussed beam-like structure of cells in the region of most rapid downflow exhibits regular-
spaced axisymmetric blips, but the mechanism by which the blips are formed has not been well understood yet.
For this purpose, in this study, we perform a linear stability analysis of a downflowing suspension of randomly
swimming gyrotactic cells in a two-dimensional vertical channel (left in figure). As the flow rate is increased, the
basic state exhibits a focussed beam-like structure. It is shown that this focussed beam is unstable with the
varicose mode (right in figure), and its spatial structure, wavelength, phase speed, and behaviour with the flow
are remarkably similar to those of the blip instability in the pipe flow experiment. An analysis, which calculates
the term-by-term contribution to the instability, is designed to understand the origin of the varicose mode. It is
found that the leading physical mechanism in generating the varicose instability stems from the hotizontal
gradient in the cell-swimming-vector field formed by the non-uniform shear in the base flow. This mechanism is
found to be supplemented by cooperation with the gyrotactic instability mechanism observed in uniform
suspensions.
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Fig. 1 Schematic flow configuration of the present study (left) and the spatial structure of the most unstable varicose
mode (right). In the right, the contours indicate cell number density and the vectors represent the corresponding
perturbed velocity field.
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Flagellar synchronization with a periodic background flow

Greta Quaranta?, ]. Westerweel?, M-E Aubin-TamP and Daniel Tam?

Eukaryotic cilia and flagella are central to many micron scale physical processes such as locomotion, fluid
transport, mixing and mechanical signal transduction. These processes rely on the unique ability of thousands of
cilia to spontaneously beat and synchronize. Elucidating the physical mechanisms undertlying flagellar
synchronization has been at the center of several recent studies. Different mechanisms have been suggested and
investigated including hydrodynamic interaction!?? and "cell-body rocking"+> . Here we address the following
question: how difficult or easy it is for flagella to synchronize?

In this study, we focus on biflagellated green algae Chlamydomonas reinbardtii. We investigate experimentally
synchronization between the flagella and an external periodic forcing, whose amplitude and frequency can be
controlled and varied. An open flow chamber containing a suspension of cells is placed on a piezoelectric stage
mounted on an inverted microscope (see figure 1). A micropipette is inserted into the bulk of the fluid with no
direct contact between the pipette and the walls of the chamber. A single cell is captured at the tip of the pipette
by suction, allowing the motion of the flagella to be visualized. The actuation of the piezo-stage results in a
periodic translation of the flow cell with respect to the micropipette, which remains fixed in the laboratory frame
of reference. A relative motion between the cell (fixed element) and the surrounding fluid (periodic oscillator) is
generated. This background flow is used as an external hydrodynamic forcing whose amplitude and frequency
can be imposed to investigate synchronization. The deformations of the flagella are recorded with a sCMOS
camera at 1000 fps. Images are processed to extract the stroke sequence and the beating frequency.

Flagella of Chlamydomonas reinhardtii spontaneously beat at frequency of about 50 Hz. With the external forcing
applied, a shift in the beating frequency towards the frequency of the external forcing is observed. Forcing of
high enough amplitude trigger the synchronization of the two flagella with the background flow. The
synchronization regions are fully characterized as a function of the amplitude and the frequency of the
background flow. The relevance of these results to previous studies on flagella synchronization > are discussed.

: Laboratory for Aero- and Hydrodynamics, TU Delft, Leeghwaterstraat 21, 2628 CA, Delft, Netherlands

b Bionanoscience Department, TU Delft, Lorentzweg 1, 2628 CJ, Nethetlands
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2 Goldstein et al., Phys. Rev. Lert. 107, 14 (2011)

3 Golestanian et al., Soft Matter, 7, 3074 (2011)

4 Friedrich and Jilicher, Phys. Rev. Lett. 109, 13 (2012)

5 Bennet and Golestanian, Phys. Rev. Lett, 110, 14 (2013)
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Figure 1: Schematic of the experimental setup
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Hydrodynamics of Filter Feeding in Choanoflagellates

Anders Andersen?, Lasse Tor NielsenP, and Thomas KierboeP

Many aquatic microorganisms are filter feeders which use cilia or flagella to drive water through filter
structures to capture prey such as bacteria. In this study we focus on choanoflagellates which are unicellular
organisms that form a biologically important group of aquatic filter feeders'. Far field flows created by
choanoflagellates have been successfully described using point force models and have recently been
measured in detail for a sessile species’. However, the essential near field of the feeding flow in
choanoflagellates is poorly understood and has not been resolved experimentally. Studies indicate that the
pressure differences created by the beating of the single flagellum are insufficient to produce an adequate
water flow through the collar filter, the mechanism which is believed to transport prey to the cell. The collar is
composed of closely spaced microvilli which are arranged as a palisade, and the low porosity of the filter
provides high resistance to the water flow. We present high-speed video of live material showing the particle
retention and the beating of the flagellum in the choanoflagellate species Diaphanoeca grandis. Our
experimental goals are to describe the feeding flow and the flagellum motion and to understand the effect of
the filter resistance on the feeding flow. In addition we aim to describe the effect of the so-called lorica
structure which surrounds the cell and directs the feeding flow toward the filter. Theoretically we model the
filter resistance and the force generation by the flagellum using low Reynolds number hydrodynamics, and
we suggest that the high filter resistance significantly constrains cell shape and filter morphology.

Figure 1: Typical particle trajectories in the choanoflagellate feeding flow observed with light microscopy, which
shows the particle acceleration as the particle approaches and is eventually caught in the funnel shaped collar
filter extending from the cell. In both images the scale bars are 5 pm in length.

* Department of Physics, Technical University of Denmark and Centre for Ocean Life, Villum Kann Rasmussen Centre of Excellence

® National Institute of Aquatic Resources, Technical University of Denmark and Centre for Ocean Life, Villum Kann Rasmussen
Centre of Excellence
! Fenchel, Prog. in Protistology 1, 65-113 (1986).

: Roper et al., Phys. Rev. Lett. 110, 228104 (2013).
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Subcritical bifurcation in asymmetric stenotic pipe flow

[.-Ch. Loiseau®®, S. Acharya Neelavarac, J.-Ch. Robinet* and E. LericheP

Atherosclerosis is a widely spread cardio-vascular disease predominant in the industrialised countries. It is a
condition in which an artery wall thickens as a result of the accumulation of fatty material, e.g. cholesterol,
eventually leading to health conditions as serious as break-up of the blood vessels walls. Over the past decades,
numerous experimental and numerical studies have modelled this geometry of sick arteries using idealised
axisymmetric stenotic pipes having non-elastic walls. Sherwin & Blackburn! have investigated the global
instability and resulting transition to unsteadiness occurring for non-pulsatile flows within such geometries. They
have found that, as for two-dimensional confined jet flows, the first bifurcation taking place is a symmetry-
breaking one related to a Coanda-like instability triggering a deflection of the stenotic jet from the pipe’s
centreline. The flow then displays self-regenerating localised turbulent puff-like structures in the vicinity of the
stenosis throat before being eventually convected further downstream. Unfortunately, recent experimental results
have put in the limelight large discrepancies between these numerical predictions and the actual experimental
observations.

These discrepancies might be explained by small asymmetric defects inherent to any experimental setup. The
aim of the present work is thus to fully characterise the influence of such small defects of the geometry on the
linear stability of the flow. This problem is essentially addressed by fully three-dimensional global stability
analyses and direct numerical simulations (DNS) of the non-pulsatile flow within a stenotic pipe with non-elastic
walls where the throat of the stenosis has been slightly offset from the pipe’s centreline. Such modelling of these
geometric defects has already been used by Varghese et al? and Griffith et al.> who have also investigated this
problem. Varghese et al.2 have observed in their DNS that, as for the Coanda-like instability in the axisymmetric
stenotic pipe flow, small eccentricity of the stenosis throat could potentially trigger an eatly wall reattachment of
the stenotic jet yielding to strong asymmetry of the reversed flow region as illustrated on the figure. Griffith et
al.3 and the present authors have moreover found that, for both axi- and asymmetric cases, evidences exist
relating this symmetry-breaking instability to a subcritical pitchfork bifurcation of the flow. Despite the
underlying physical instability mechanisms appearing to be the same in both cases, it is worthy to note that this
early wall-reattachment of the stenotic jet occurs at a substantially lower Reynolds number in the eccentric case,
as low as Re=360 for a 0.1% offset of the stenosis throat as compared to Re=721 in the axisymmetric case.
Moreover, steady state computations performed by the present authors have highlighted that, further increasing
the Reynolds number, these wall-attached solutions are experiencing a secondary bifurcation. This new
bifurcation appears to be related to a centrifugal instability of the strongly asymmetric reversed flow region.
Further calculations will fully characterise these new steady states and their subsequent transition to unsteadiness.

Y
Figure: Streamwise velocity contours for stenotic pipe flows at Re=400 in the x=5 cross-sectional plane.
Left: Axisymmetric. Middle: 0.1% eccentricity. Right: 1% eccentricity.
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Net transport mechanisms in the upper human lung

K. Bauer?, C. Bruckers

Especially for drug delivery and aerosol transport the knowledge about transport pathways is important.
At normally ventilated lungs gas transport down to the lower airways is dominated by convective mass
transport in the upper bronchial tree. However, if the tidal volume drops below the anatomic dead space of
the bronchial tree, as this is the case during High Frequency Oscillatory Ventilation (HFOV), bulk flow
convection is not sufficient to maintain mass exchange within the distal branches. A net cycle-to-cycle
transport has to occur.

In order to investigate mass transport in the human lung a 3D model of the upper bronchial tree is
generated. The geometry is based on statistical data from Weibel' and Horsfield? and consists of 6 bifurcating
generations. Unsteady numerical flow simulations are carried out with boundary conditions employing
parameters for conventional mechanical ventilation (CMV) as well as for HFOV conditions.

Qualitatively, the flow patterns are similar for CMV and HFOV. The instantaneous streamlines during
inspiration (Fig. 1a)) and expiration (Fig.1b)) demonstrate typical pathways during ventilation, exemplarily
shown here for CMV. The core streamlines indicate a straight flow from the top to the bottom and vice
versa. The streamline location in the trachea reflects the distribution into the lower branches. This means
particle location in the trachea determines its pathway into the distal branches. Near wall, low inertia flow is
redirected due to Dean vortices which are generated by centrifugal forces in the branching curvature. Hence,
these outer regions predominantly contribute to mixing in the lung. Further mixing occurs during the phases
of flow reversal and is enhanced at HFOV by Pendelluft.

Information about net flow is gained by integrating the unsteady flow velocities in the branching tree in
time over one breathing cycle. The remaining net flow is called steady streaming and is typical for oscillatory
flows with asymmetric flow in opposite directions. Steady streaming patterns are further investigated.
Strength and structure of resulting flow patterns are analysed for varying Womersley and Reynolds numbers
according to CMV and HFOV conditions. Geometry as well as the peak Reynolds number govern the net
flow phenomena. Increasing frequencies seem to be of minor importance for net streaming flow.

* Inst. of Mechanics and Fluid Dynamics, TU Bergakademie Freiberg, Germany
1 Weibel, Springer-Verlag (1963).
2 Horsfield, J. Appl Phys. 24(3), 373 (1968)
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Figure 1: Streamlines colour coded with the velocity magnitude, a) deceleration phase during inspiration, b) deceleration
phase during expiration.



Structural sensitivity of flow dynamics through aneurysms

Shyam Sunder Gopalakrishnan? Benoit Pier* and Arie Biesheuvel*

Aneurysms are localized permanent arterial dilatations due to disease or other
complex processes that result in the weakening of the arterial walls'. Of these, ab-
dominal aortic aneurysms (AAA) are commonly found in the abdominal aorta and
are characterised by a bulge about the vessel centerline. Recent studies 2:3:% have
used different idealized AAA geometries to investigate the flow dynamics. In the
present work, we address more specifically the sensitivity of these results to details
in the geometry and the pulsatile flow rate waveform. Figure 1(a) shows two equiv-
alent AAA geometries of sinusoidal and gaussian shapes respectively. Though both
AAA geometries are almost indistinguishable, small but significant differences in flow
dynamics are observed. Flow separation is found to occur earlier in the pulse cy-
cle in a sinusoidal AAA, with the flow field obtained in a gaussian AAA lagging in
phase in comparison to a sinusoidal AAA. A linear stability analysis using these two
geometries reveals similar trends. The dominant mode occurs for azimuthal mode
number m = 3, but it is seen that the sinusoidal AAA has significantly higher growth
rates than the gaussian AAA (see figure 1(b)). Also, the sensitivity to specific flow
conditions is investigated by using different flow rate waveforms.

These findings reveal a surprisingly strong structural sensitivity of the flow dy-
namics through model aneurysms. Implications for patient-specific modeling will be
discussed.

*Laboratoire de mécanique des fluides et d’acoustique (CNRS - Université de Lyon), Ecole centrale
de Lyon, 36 avenue Guy-de-Collongue, 69134 Ecully, France

Lasheras, J. C., Annu. Rev. Fluid Mech. 39, 293 (2007).

2Qalsac, A. -V., Sparks, S. R., Chomaz, J. -M. & Lasheras, J. C., J. Fluid Mech. 560, 19-51
(2006).

3Sheard, G. J., J. Eng. Math. 64, 379-390 (2009).

4Gopalakrishnan, S. S., PhD thesis, Ecole centrale de Lyon (to be presented on 19/02/2014).
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Figure 1: (a) The sinusoidal geometry is shown using dotted lines and the gaussian equiv-
alent is shown using continuous lines. (b) The absolute value of Floquet multipliers corre-
sponding to sinusoidal (dotted line) and gaussian (continuous line) AAA geometries.
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Microfluidics of sugar loading in leaves

Hanna Rademaker?, Julia Délger?, Alexander Schulzb, Johannes LiescheP and Tomas Bohr?

The transport of sugars is of paramount importance for plants, since all growth is based upon carbon from the
sugars generated by photosynthesis in the leaves. The long-distance translocation of sugars takes place in the
phloem vascular system and is believed to be driven by pressure differences caused by osmosis due to the
concentration differences of sugars between the leaves, where they are produced, and the roots or new shoots,
where they are used. It is possible to model this translocation by standard hydrodynamical equations (without
“active” components) and from that to infer the typical length scales for the phloem tubes!. A question of
considerable current interest is how far this hydrodynamical treatment can be taken back into the “pre”’phloem:
the pathway of the sugar in the leaves from the mesophyll cells, where the sugar is produced, to the sieve
elements of the phloem, where it is shipped away for growth.

An interesting case is the so-called polymer trap mechanism?, where sucrose molecules are enzymatically
converted into heavier sugar molecules (like raffinose and stachyose) after diffusing through the interface
between bundle sheath cell and intermediary cell (cp. Fig. 1). The sucrose molecules move into the intermediary
cell through small channels (plasmodesmata) without “active” sugar transporters, while the heavier sugar
molecules do not seem to be able to move back through these plasmodesmata. It was recently pointed out? that
the hydro-dynamic radii of the different sugars do not seem sufficiently different for the plasmodesmata to carry
out this filtering process efficiently. The inner structure of the plasmodesmata is not exactly known, but if the
plasmodesmata are narrow enough to avoid back-diffusion of raffinose and stachyose, they will also strongly
hinder the diffusion of sucrose, making this mechanism untenable.

We argue in the present work that bulk osmotic water transport from bundle sheath cell to intermediary cell is
probably an important component. In particular, we show that it is possible that the large concentration of
heavier sugars built up in the intermediary cell creates an osmotic water flow through the plasmodesmata, which
strongly enhances the translocation of sucrose and makes the polymer trap work.

. |} sucrose
- @ raffinose, stachyose

]

.* IR PD: plasmodesmata
bundle intermediary sieve
sheath cell cell element

Figure 1: The mechanism of the “polymer trap” loading mechanism. Sucrose enters the bundle sheath cell (left) and
moves into the intermediary cell (center), where it is transformed into raffinose and stachyose, present at a much higher
concentration. From there it moves rather easily into the sieve element (right) and is translocated to the rest of the plant.

* Department of Physics, the Technical University of Denmark
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Study of the flow in coronary bifurcations with bifurcated stent angioplasty

[. Garcfa?, F. Manuel?, F. Castrob, A. Crespo?, J. Goicoleac and J.A. Fernandez¢

This work is a result of previous investigations with conventional stents and arises after the recent emergence
of several devices specifically designed for coronary bifurcations angioplasty. The aim is to compare the
hemodynamic performance of these new devices compared to conventional devices and techniques in a coronary
bifurcation model. Three different stenting techniques: simple stenting of the main vessel, simple stenting of the
main vessel with kissing balloon in the side branch and culotte have been considered. To carry out this study an
idealized geometry of a coronary bifurcation is used. Both experiments in the laboratory and numerical
simulations will be used, focusing on important factors for the atherosclerosis development, like the wall shear
stress, the oscillation shear index, the pressure loss and the vorticity. Micro-CT images were used to reconstruct
coronary stents implanted in silicone models (Fig. 1). First, steady simulations ate carried out with the
commercial code ANSYS-Fluent, and then, experimental measurements with PIV (Particle Image Velocimetry)
obtained in the laboratory are used to validate the numerical simulation. The steady computational simulations
show a good overall agreement with the experimental data. Second, pulsatile flow is considered to take into
account the transient effects. The results obtained permit to evaluate whether the new designs really result in an
improvement in the hydrodynamic behaviour of the devices. Obviously the present simulations focus only on
the hemodynamic aspects and other factors should be taken into account before choosing the most appropriate
stenting technique. Moreover, even if only fluid dynamic criteria are considered, it should be noticed that the
configurations studied are idealized coronary bifurcations. The behaviour patterns obtained in this work should
be verified in more realistic geometries.
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Modelling flow through the Endothelial Glycocalyx Layer

P. Sumets?, J. Cater? and R. Clarke?

Numerous vascular diseases result from abnormal blood flow. Micro-vessels walls are coated by a brush-like
layer, the Endothelial Glycocalyx Layer (EGL), which acts as a buffer between blood and the wall. One of the
main physiological functions of the EGL is provide biomechanical responses. In particulat, it is believed to act as
a mechanotransducer of fluid shear stress to endothelial cells. The behaviour of the EGL is difficult to measure
in-vivo; hence a mathematical model has the potential to offer some useful insights.

We treat the EGL as a poroelastic medium, and flow within the vessel lumen as a viscous Newtonian liquid.
A biphasic mixture model is used to approximate the dynamics of the EGL, employing Brinkman’s Equation for
the fluid phase and forced Navier’s Equation for the solid phase. An efficient method for solving these linear
coupled PDE’s is the Boundary Element Method (BEM). However, implementation of BEM is complicated by
the appearance of integrals over the entire physical domain, rather than just surface integrals, when the governing
equations are written in integral form. These domain integrals arise due to the momentum transfer terms within
the biphasic medium. In order to take advantage of the computational efficiency of BEM effectively, these
domain integrals must be converted into surface integrals.

Therefore, we have developed an exact technique to convert these domain integrals to surface integrals. This
is achieved through the construction of a carefully chosen complementary problem, which requites solving the
physical equations under forcing by appropriate Green’s function tensors. To this complementary solution, and
the solution to the fluid phase, we have applied Lorentz Reciprocal relation to eliminate the domain integrals. As
a result, we have derived a true boundary integral representation of biphasic flow, which we have then solved
numerically using BEM for regimes representative of the EGL.

* Dept. of Engineering Science, The University of Auckland, New Zealand
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Simulation of the movements and deposition rates of oblate and prolate nano- and micro-
particles in a virtual model of the human airways

Holmstedt, Ea, Akerstedt, HP, Lundstrém, T.S¢.

A model simulating the movements of oblate and prolate spheroids in the nano- and micro-scale was
developed. The aim was to simulate the environment of the human lung and the deposition of fibres during
inhalation, but the model is in itself general and can be applied for different flows and geometries for small fibre
Stokes and Reynolds numbers. The model simulates an evenly random distribution of particles and follows them
in a steady, laminar, fully developed parabolic flow in a straight airway. The effect of gravitational settling and
Brownian motion was included and the particle was said to be deposited when its centre of mass moved outside
the wall of the bronchi. To study the effect of the change of particle shape alone without the influence of particle
mass the diameters of the particles was change in correlation with the aspect ratios so the volume of the particles
remained constant.

A statistical study was done comparing the deposition rates of oblate and prolate spheroid of different size
and aspect ratio as they travel down the narrowing bronchi. The model shows a clear correlation between
increased depositions with increase of the particle size and yielded a higher deposition for oblate spheroids as
compared to prolates with the same aspect ratio. There was also a noticeable influence on the results from
changing the aspect ratios of the particles. The deposition rates was the lowest for both the oblate and prolate
spheroids with the highest aspect ratio, but interesting enough the peak deposition was not for the spherical
particles but for those who were slightly oblate with an aspect ratio of about 1.5.

A study of the motion and otientation of a single oblate and prolate particle has also been done. To more
clearly be able to see the particles distinct motion the simulation was done for a micro-particle with a very high
aspect ratio. First the motion of the particles was only influenced by the flow field with a periodically flip over
180°, Jeffery orbits. This behaviour was observed for both oblate and prolate particles although the petiod
between flips was much shorter for oblates. When the effect of Brownian motion was introduced on the particle
the overall behaviour of the prolate spheroids remained mainly the same. The periodicity of the flips, however,
increased and a randomization of them was observed. The behaviour of the oblate particles on the other hand
was greatly changed to a seemingly random tumbling behaviout.

* Division of Fluid and Experimental Mechanics, LTU, Luled, Sweden.
b Division of Fluid and Experimental Mechanics, LTU, Luled, Sweden.
¢ Division of Fluid and Experimental Mechanics, LTU, Luled, Sweden.
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Experimental study of the effect from bio-solid particles on fully developed turbulent
duct flow

Ammar Hazim Saber?b, T. Staffan Lundstrom? and J. Gunnar I. Hellstrom?

Turbulent flow characteristics can be changed in the presence of particles. Results from the literature
yields an enhancement in turbulence with large particles caused by transfer of kinetic energy to turbulence
through vortex shedding behind the particles. This mechanism is related to the particle Reynolds number.
Smaller particles will instead attenuate the turbulence by acting like dampers for eddies that they follow. For
spherical particles this can be related to the ratio between the particle diameter and the turbulent enargic
length scale. Recently, turbulent flow with non-spherical particles has been in focus due to its wide
applications in industry. In numerous cases, more dissipation in turbulence energy was reported as compared
to spherical particles'. In addition to being non-spherical most of the bio-fuel particles are irregular and have a
random shape. Over that, the surface roughness of these particles is function of resources and methods of

milling, as one example see the wood particles in figure 1.

Experiments were performed in a duct with nearly two-dimensional fully developed turbulent airflow.
Using a high-resolution PIV system, the effect of the presence of spherical glass particles and pine wood
particles on the turbulent intensity was investigated and compared with results from the literature. The results
with glass particles showed good agreement with results from the literature see figure 2. On other hand, wood
particles dissipated more turbulent kinetics energy see figure 2. This may be due to less density ratio compared
to glass and plastic particles leading to a lower particle Reynolds number. Also more dissipation may emanate
from the near surface region?3 caused by the rough surface of the wood particles. The results are in agreement
with most previous studies showing a reduction in turbulent intensity with non-spherical particles as
compared to spherical particles.

2 Divi. of Fluid and Experimental Mechanics, Lulea Univetsity of Technology, Lulea- Sweden.
bMechanical Engineering Dep., University of Mosul — Iraq
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Undulatory swimming close to the wall
R. Fernandez-Prats?, V. Raspab, B. Thiriab, F. Huera-Huarte* and R. Godoy-Dianab

Biolocomotion in fluids is in many cases is influenced by the presence of a boundary. Flatfishes,
bacteria, benthic organisms, pelicans and batoids experience significant ground effects, which are an
unavoidable element of their locomotion strategy. In the case of birds, they can glide with a fixed
wing configuration for long distances without loss of altitude!- 2. The ground effect in fixed wing
flight is well understood, but between the substrates and the undulation of fish¢, a reliable model that
is able to describe the dynamics with accuracy remains to be invented’. We study experimentally the
propulsive dynamics of a flexible foil in a self-propelled swimming configuration near a wall. The
swimmer has an aspect ratio of 0.9 and it is allowed to move freely in a rectilinear direction assisted
by an air-bearing slider outside the free surface, while a stepper motor generates the pitch motionss.
Measurements of swimming speed were carried out using an ultrasonic distance sensor. Propulsive
forces were obtained from swimming trajectories and a dynamic model, full recordings of the elastic
wave kinematics and particle image velocimetry were carried out to determine the flow pattern and to
find out the interaction between the foil and the wall. Experiments covered Reynolds numbers
between 2200-19000. We show that the presence of the wall can enhance the cruising velocity in
some cases by up to 15%. The physical mechanism responsible for this augmentation is first
discussed qualitatively by studying the vorticity dynamics of the wake. We present how the usual
wakess. 9 are modified by ground effects (see LIF visualization in the figure below). A quantitative
picture of the problem is then established using POD?7 analysis of the velocity fields in the wake,
which shows that the first POD mode is a good indicator of the kinetic energy in the propulsive jet.

Figure : Four snapshots over half a period of oscillation of an undulating foil swimming near a boundary (from left
to right). Vortices are visualized using dye and a dipolar structure highlighted schematically.

* Dep. of Mechanical Engineering, Escola Técnica Superior d'Enginyetia Quimica, Universitat Rovira i Virgili, 26 Avinguda
Paisos Catalans, 43007 Tarragona, Spain.

b Physique et Mécanique des Milieux Hetérogénes (PMMH) CNRS UMR 7636 ; ESPCI ParisTech ; UPMC (Paris 6) ; Univ.
Paris Diderot (Paris 7) 10 rue Vauquelin, 75231 Paris, Cedex 5, France.
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Vortex-induced drag and the role of aspect ratio in undulatory swimmers

V. Raspa, S. Ramananarivo, B. Thiria and R. Godoy-Diana?

During cruising, the thrust produced by a self-propelled swimmer is balanced by a global drag force. For a given
object shape, this drag can involve skin friction or form drag, both being well-documented mechanisms.
However, for swimmers whose shape is changing in time, the question of drag is not yet clearly established. We
address this problem by investigating experimentally the swimming dynamics of undulating thin flexible foils.
Measurements of the propulsive performance together with full recording of the elastic wave kinematics are used
to discuss the general problem of drag in undulatory swimming. We show that a major part of the total drag
comes from the trailing longitudinal vortices that roll-up on the lateral edges of the foils. This result gives a
comparative advantage to swimming foils of larger span thus bringing new insight to the role of aspect ratio (AR)
for undulatory swimmers.
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Figure 1: Visualisation of the longitudinal vortical structures on top and bottom edges of self-propelled swimming foils (the
viewing plane is a cross section with the foils swimming away from the camera). The driving frequency was set to 1 Hz. (a)
AR = 0.2. (b) AR = 0.7. Particle streaks are illuminated by a vertical laser sheet placed at the foils’ mid length plane.

* PMMH Laboratory, CNRS UMR 7636; ESPCI ParisTech; UPMC (Paris 6); Univ. Paris Diderot (Paris 7)
10 rue Vauquelin, 75231 Paris, Cedex 5, France
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Skin friction formula for a rectangular plate in swimming-like motion

U. Ehrenstein?, C. Eloy* and M. MarquillieP

To calculate the energy costs of swimming, it is crucial to evaluate the drag originating from skin friction.
While many investigations focused on drag reduction mechanisms employed by swimming animals, others
proposed that drag may actually be enhanced,! referring to the so-called ‘Bone-Lighthill boundary-layer thinning
hypothesis’.2 This latter assumption has recently been readdressed,® using a theoretical boundary-layer model for

a plate in uniform flow U_ moving perpendicular to itself at velocity U | (Figure 1a), showing that the enhanced
drag is proportional to,/U . The boundary-layer model cannot predict the genuine three-dimensional flow

dynamics and in particular the friction at the leeward side of the moving plate. In the absence of reliable skin-
friction measurements along moving boundaries, a full three-dimensional numerical simulation remains
necessaty to confirm the theoretical prediction. Using a multi-domain compact finite-differences Navier-Stokes
solution procedure, the boundary-layer structure along the moving plate is analysed for several plate velocities

and plate length-to-span ratios |/s (Figure 1b shows typical streamwise vorticity structures in a wall-normal

plane). Focusing on the shearing stress integrated along the span of the plate, the simulation results reinforce the
formula> D =C,,uU,/Re U], U’ being the wall normal velocity made dimensionless with the uniform
incoming flow U_ and Re, the Reynolds number based on the span. We compute a friction coefficient C,; =2

with however some variation along the plate streamwise direction. The influence of the plate length-to-span ratio

is also highlighted and interpreted in the context of fish swimming energetics.

* Aix-Marseille Univ, CNRS, Centrale Marseille, IRPHE UMR 7342, F-13384 Marseille, France
b CRI, Université Lille Nord de France, F-59655 Villeneuve d’Ascq

I Anderson et al., J. Exp. Biol. 204, 81 (2001).

2 Lighthill, Proc. R. Soc. Lond B. 179, 125 (1971).

2 Ehrenstein and Eloy, . Fluid Mech. 718, 321 (2013)
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Figure 1: (a) Sketch of the plate in a uniform flow moving at a normal velocity. (b) Streamwise vorticity in the (z, y)plane at

a position X =1/3, for a plate with |/s =6, Re, =1200 and two different wall velocities.
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Propulsion by a flapping flexible plate
E. Paraz!, I.. Schouveiler! and C. Eloy!

Many aquatic animals, such as tunas, dolphins, or whales, propel themselves with a flapping flexible caudal
fin. To gain some insight into this mode of propulsion, an experimental study has been conducted, which
consists in mimicking the motion of a caudal fin.

A flexible plate of length 2, immersed in a uniform water flow, is actuated into a harmonic heave motion at
its leading edge. The experimental setup, schematically shown in Fig. 1(a), allows the variation of the flow
velocity U, the amplitude Ak and angular frequency o of the leading edge actuation, and of the bending rigidity
B of the plate. The passive response of the free trailing edge is then recorded for different values of these
parameters. Resonances are evidenced when the forcing frequency approaches the natural frequencies of the
system plate+fluid. The experimental frequency responses of Fig. 1(b) show the first two resonance peaks
observed in the range of the tested parameters. It has also been shown that the Reynolds number, defined as Re
= 2Uc/ v, whete v is the fluid viscosity, as well as the plate flexibility B, do not have a significant effect on the
response dynamics as long as the frequency of the leading edge is normalized by the natural frequency of the
plate wo. In contrast, comparing in Fig. 1(b) the frequency responses obtained for two different values of the
forcing amplitude Arg, it can be seen that this parameter has a strong effect on the plate response, which is a
signature of a non-linear effects playing an important role in the response.

To extend the study, a weakly non-linear model has been developed. The asymptotic limit of small U is
considered, ie. U << ¢ o. The coupling between the surrounding fluid and the plate is modelled through a
potential linear approach. The dissipations due to both the fluid the plate material are taken into account in the
model. The associated dissipation coefficients have been measured independently in damped oscillation
experiments. Although the amplitude is overestimated in the model, a good qualitative agreement between
experiments and theoretical predictions is obtained. In particular, the variation of the ratio Arx / A with the
forcing amplitude A is recovered.

Aix Marseille Université, CNRS, Centrale Marseille, IRPHE UMR 7342, 13384, Marseille, France.
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Figure 1: (a) Drawing of the experimental setup. (b) Frequency response of the trailing edge. Filled symbols represent
the experimental measurements and the continuous lines the theoretical predictions for a bending rigidity sets to B = 0.018
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Mach number effects on the flowfield structure of hypersonic cavity flows

Luis T. I.. C. Paolicchi? and Wilson F. N. Santos?

A reliable prediction of the thermal and aerodynamics load acting on the vehicle surface is of major
importance for the design of a hypersonic vehicle. Contour discontinuities, such as cavities, are usually present in
the surface, even though a smooth aerodynamic shape of the surface is attempted in the design. Such sutrface
discontinuities may constitute in a potential source in a heat flux rise to the surface or even though in a
premature transition from laminar to turbulent flow. For the particular case of cavities, many experimental and
theoretical studies have been conducted in order to understand the physical aspects of a hypersonic flow past to
this type of sutface discontinuities. Usually, as the length-to-depth (L/H) ratio of the cavity is sufficiently large
(L./H > 14), the main flow reattaches to the cavity floor and the cavity is defined as being a “closed” cavity.
However, if I./H ratio decteases to a critical value (1 < L/H < 10), the flow presents a different behavior, and
the cavity is an “open” one. In general, the major interest in the experimental and theoretical studies has gone
into considering laminar or turbulent flow in the continuum flow regime. Nevertheless, there is little
understanding of the physical aspects of a hypersonic flow over cavities related to the aerothermodynamic
environment associated to a reentry vehicle. In this fashion, Palharini and Santos! have studied cavities situated
in a rarefied hypersonic flow by employing the Direct Simulation Monte Catlo (DSMC) method. The work was
motivated by the interest in investigating the I./H ratio effects on the flowfield structure and on the
aerodynamic surface quantities. The primary emphasis was to examine the behavior of the primary properties,
such as velocity, density, pressure and temperature, as well as pressure, heat transfer, and skin friction
coefficients due to changes on the cavity L./ H ratio. In continuation of the previous analysis!, the current study
expands on the results presented earlier by investigating the influence of the compressibility on the flowfield
structure of a hypersonic flow on a family of cavities. The sensitivity of the primary properties (velocity, density,
pressure and temperature) due to changes on the freestream Mach number (5, 15, and 25) and on the cavity L/ H
ratio (1, 2, 3, and 4) will be examined in the transition flow regime, i.e., between the continuum flow and the free
collision flow regime. Due to the non-equilibrium flow conditions, the DSMC method will be employed to
calculate the hypersonic two-dimensional flow on the cavities. Figure 1 displays map contours for density
(normalized by freestream density) along with streamline traces inside the cavities for freestream Mach number
of 25 and I/ H ratio of 1, 3 and 4. According to this set of plots, the cavity flow behavior in the transition flow
regime differs from that found in the continuum flow regime, for the conditions investigated. It is cleatly noticed
that the external stream reattaches the cavity floor for I/ H ratio of 4.
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Figure 1: Density ratio (0/p.,) contours with streamline traces inside the cavities for Mach number of 25 and I/H ratio of

@) 1, (b) 3, and (d) 4.

* Combustion and Propulsion Laboratory (LCP), National Institute for Space Research (INPE), Cachoeira Paulista, SP, BRAZIL.
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Impinging of Supersonic Jet on Gas-permeable Obstacle of Periodic Structure

V. M. Fomin", K. A. Lomanovich*, and B. V. Postnikov*

Impinging of supersonic jet against an obstacle was investigated past decades rather thoroughly. Gasdynamics
and shock-wave pattern of jet-obstacle interaction are sophisticated. There are regimes when intensive self-
oscillation of shock-waves observed. Two main mechanisms of the oscillations considered as acoustic feedback
passing from oscillating veer jet in vicinity of the obstacle to a nozzle exit and internal one. Latter case concerns
of gas accumulation between Mach disc and surface of the obstacle due to specific pressure distribution near the
obstacle. It is the veer jet appearance when intensive self-oscillations occur in front a permeable obstacle.
Gasdynamics aspects of shock-wave pattern of supersonic jet impacting gas-permeable obstacle are under
consideration and discussion. Experiments were carried out with both underexpanded and overexpanded jets.
Cylindrical obstacles were machined from aperiodic structure of porous nickel and periodic structure of
cordierite blocks prepared for catalytic industry, see Fig.1 (a). Cordierite structure had a periodic set of square
channels with wall thickness about 0.1 mm and density of the channels from 300 to 600 per square inch. We
used shadow device with adaptive visualization transparent to register developing of intensive self-oscillations.
Shock-wave pattern of the jet in front of cordierite obstacle is defined by Mach disc, bow shock and shock in
front of individual channels, see Fig.1 (b). Jet Mach numbers investigated were from 2 to 4 and stagnation
pressures up to 40 bars. If a rear part of the obstacle had a nonpermeable screen than temperature inside
channels increased up to 200-300 K due to shock-wave interaction inside. Self-oscillations observed were
accompanied by intensive acoustic noise.

* Khristianovich Institute of Theoretical and Applied Mechanics, 4/1 Institutskaya Stt., Novosibirsk, Russia

Figure 1: (a) Cordierite block. (b) Supersonic jet impinging cordierite block.
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On generation and development of controlled disturbances in 3D supersonic boundary
layer on surface with roughness

A. V. Panina?, A. D. Kosinov*P, N. V. Semionov? and Yu. G. Yermolaev?

This paper presents investigations of the generation and development of disturbances and the receptivity to
controlled disturbances in supersonic boundary layer on swept wing at Mach 2.0. A comparative experimental
study of the evolution of controlled fluctuations in the boundary layer on a smooth swept wing and in the
spanwise modulated boundary layer on a swept wing at a fixed electrical power of source disturbances and the
same unit Reynolds number were performed. These investigations continue the series of experiments that were
conducted before on flat plate!.

The experiments were conducted in low noise T-325 supersonic wind tunnel of ITAM SB RAS at Mach 2.0
and unit Reynolds number Re; = 5X10¢ m!. The model of a swept wing with a sharp leading edge and y=45°
was used. Source of artificial disturbances was built in the model. Controlled pulsations are delivered into
boundary layer through an aperture of 0.4 mm in diameter and they were excited by high frequency glow
discharge in chamber. Constant temperature hot-wire anemometer (CTA) was used for mean and pulsating flow
characteristic measurements. The square stickers from a scotch tape were applied to induce the spanwise
modulation of mean flow in the boundary layer. The sizes of labels were 3 mm X 3 mm, and the height —
60 microns. The pulsation amplitude as time traces distributions in spanwise direction at x = 20, 30, 40 and
50 mm were obtained. After data processing the amplitude and phase mass flow perturbation spectra over g’
(spanwise wave number) were determined. The procedure for obtaining frequency-wave spectra of controlled
disturbances corresponded two-dimensional Fourier transform in time t and the coordinate Z:

~ . p .

Arp (oo B ) = 5y Bnea Byt AGRo 2, 1) - e~ Pz, A, 2, tn) = T,
where At - time discretization step ADC, 4z; - discretization step in the transverse coordinate, 7 - the length of
time for realization, A(Xx Z; t;) - the instantaneous value of the dimensionless pulsation signal of hot-wire,
Q - sensitivity factor to mass flow pulsations, 0, = 1 mm - length scale for the dimensionless of wave spectra.

For the first time the results on the generation and development of the wave train in spanwise modulated
supersonic boundary layer on the swept wing at Mach 2 were obtained experimentally in the same conditions of
controlled experiment. Obtained that for a fixed power of disturbance source the amplitude of the fundamental
wave train in the spanwise modulated boundary layer on the swept wing is less in comparison with the case of a
smooth surface of the model. Similar results were obtained for subharmonic wave train. The evolution of the
wave train subharmonic and the fundamental frequency proceeds differently in the boundary layer on a smooth
wing and wing with roughnesses.

This work has been supported by the RFBR grant 13-01-00520.

* Khistianovich Institute of Theoretical and Applied Mechanics SB RAS, Novosibirsk, Russia
® Novosibirsk State University, Novosibirsk, Russia
1 Kosinov et al., EFMC9: book of abstracts. (2012).
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Figure 1: Comparison of the spanwise amplitude distribution for subharmonic wave train (a) in the inital section
and (b) in the chosen section. Comparison of the spanwise amplitude distribution for fundamental wave train (c) in
the initial section and (d) in the chosen section.
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Resonant interaction of controlled disturbances in 3D supersonic
boundary layer at Mach 2

G.L. Kolosov?, A.D. Kosinovab, N.V. Semionov? and Yu.G. Yermolaev?

The paper is devoted to investigation of nonlinear wave train development in three-dimensional supersonic
boundary layer on swept wing with swept angle of y=45°. The controlled disturbances technique was used. It is a
more preferable method to study the nonlinear interaction mechanisms of unstable waves!. By this method the
subharmonic mechanism was detected. The investigations continue the series of experiments that were
performed before?.

The experiments were conducted in low noise T-325 supersonic wind tunnel of ITAM SB RAS at Mach 2.0
and unit Reynolds number Re; = 5x10¢m-!. Source of artificial disturbances was built in the model at
x0 = 56 mm from the leading edge. Controlled pulsations are generated in boundary layer through aperture in
diameter of 0.4 mm by glow discharge in chamber at high frequency (f= 10 kHz). The space structure of
controlled pulsations in spanwise direction at x = 50, 60, 70, 80 mm from the source of artificial disturbances
were obtained. Two waves had the largest amplitudes relative to others: the main wave train with frequency of
20 kHz and its unstable subharmonic wave train with frequency of 10 kHz. After data processing for these waves
the amplitude and phase mass flow perturbation spectra over ' (spanwise wave number) were determined.

The development of amplitude f-spectra in downstream direction is shown in Fig. 1. For wave with
frequency 10 kHz the value of the transverse wave number at which the main maximum amplitude is located is
0.8 and 1.1 rad/mm for wave with frequency 20 kHz. These values are consistent with previously obtained for
lineatly propagating and amplifying downstream waves? For subharmonic wave the excitation of the side peak at
p'=0.2rad/mm can be explained by three-wave tesonant interaction (3WRI) between waves with
/=10, 20 kHz. Estimations of longitudinal wave numbers «' = 0.04, —0.62, —0.54 rad/mm also satisfy the
synchronism condition for resonant triplet:

STR=p

atam=as,

Prtf=ps.

Thus experimentally it was shown a principal possibility of parametric amplification of stable in the linear sense
disturbances.

This work has been supported by the RFBR grant 12-01-00158-a.

* Khristianovich Institute of Theoretical and Applied Mechanics SB RAS, Novosibirsk, Russia

> Novosibirsk State University, Novosibirsk, Russia
1 Kosinov A.D. et al., Nonlinear Instability of Nonparallel Flows, Springer-1"erlag, 196-205 (1994).
2 Kolosov G.L. et al., 14TH ETC, Lyon, France (2013).
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Figure 1: The amplitude spectra over ' (a) /= 10 kHz and (b) /= 20 kHz.
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Effect of condensation on hypersonic argon flow

E. Mogilevskiy?, R. Ferrer?, L. Gaftney?, C. Granados?, M. Huyse?, Yu. Kudryavtsev?,
S. Raeder?, P. Van Duppen?, A. Zadvornaya?

The principle of supersonic gas expansion is used in a wide range of applications in different areas as e.g.
chemical reaction studies and nanoparticles production. Recently, it has been proposed to use cold gas jets for
laser spectroscopy studies of radioactive isotopes!. In this so called IGLIS technique (In-Gas Laser Ionisation
Spectroscopy) products of a nuclear reaction are stopped inside a gas cell filled with argon as a buffer gas at
typically 500 mbar, carried by the gas through a sonic or a de Laval nozzle and stepwise ionised by laser
radiation. In order to obtain an optimum frequency resolution it is crucial to achieve very low temperature to
reduce Doppler broadening of the observed spectral lines. However, the necessary temperature and pressure
near the nozzle are found in the unstable for gas phase region, thus argon is likely to condensate. The goal of this
work is to investigate how this condensation affects the thermodynamic properties of gas phase and as well as
estimate the minimal temperature that can be achieved after expansion into the low-pressure region.

The consideration is based on 1D diabatic steady Euler equations for the gas phase, taking the release of
latent heat of condensation into account. For the condensed phase (clusters formation) mean kinetics nucleation
theory? is used. This model was chosen since it allows to deal with small clusters accurately and to predict
pseudospinodal decomposition. As especially the small clusters (dimmers, trimers) are responsible for the
majority of condensed mass this fact is important. The Becker-Doring equation is used for modelling the cluster
distribution function. The model is validated against results from experiments on argon condensation in a
cryogenic nozzle’? were used. Good agreement between the calculated and measured values for the onset of
condensation can be observed (fig. 1). The nucleation rate for the onset is of order of 102*! cm™ s which is
above the experimental value reported?, however it was not measured directly.

Using the parameters of the IGLIS setup, the gas conditions reach the limit for pseudospinodal
decomposition, thus the minimal temperature that can be obtained for pressures above 0.1 mbar is about 28 K.
These results are to be validated in the IGLIS laboratory at KU Leuven.

This work has been funded by FWO-Vlaanderen (Belgium), by GOA/2010/010 (BOF KU Leuven), by the
Interuniversity Attraction Poles Programme initiated by the Belgian Science Policy Office (BtiX network P7/12),
by the European Commission within the Seventh Framework Programme through I3-ENSAR (contract no.
RII3-CT-2010-262010) and by a grant from the European Research Council (ERC-2011-AdG-291561-
HELIOS).

* KU Leuven, Instituut voor Kern- en Stralingsfysica, Departement Natuurkunde en Sterrenkunde, Celestijnenlaan 200 D B-3001 Leuven
Belgium

U Yu. Kudryavtsev et al. Nucl Instrum. Meth. B 297, 7 (2013)
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3S. Sinha et al. J. Chem. Phys. 132, 064304 (2010)
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Figure 1: The condensation onset pressure as a function of temperature is shown. Solid line — calculation, crosses —
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Control of a supersonic flow around using gas-permeable porous materials

LS. Ts nikov?, S. G. MironovaP

The report presents results of experimental and numerical investigation supersonic flow of bodies using gas-
permeable porous inserts. This study is a continuation papers!-2. Supersonic flow (M = 5) around the model of
cylinder with front porous nickel foam inserts was studied. The numerical simulation of air flow in the porous
material and the external flow was carried out with the package ANSYS Fluent. The dependence of drag force of
the cylinder with porous inserts on the length of the porous insert streamlined supersonic flow was obtained and
compared with data of measurements. The problem was solved in the frame of quadratic law of resistance in air
flow in pores of the materials. The coefficients of linear and quadratic terms of the resistance law were
determined experimentally by measuring the velocity of one-dimensional air flow through the gas-permeable
porous samples of different size and different pressure drop across the material. The effect of temperature of the
gas-permeable materials on flow rate of air through it was studied. On the basis of these data was developed and
tested scheme of a supersonic flow around control using symmetric and asymmetric changes in hydraulic
resistance of the porous material by heating it. Scheme of heating of gas-permeable materials by electric glow
discharge was implemented, the dependence of the longitudinal and transverse aerodynamic forces on the
discharge power was obtained. Schlieren photograph of flow field around the model with an asymmetric impact
on the flow through the porous insert heating by electric glow discharge is presented in Figure 1.

* Dep. Physical Problems of Flow Control, Khristianovich Institute of Theoretical and Applied Mechanics, Novosibirsk, Russia
b Novosibirsk State University, Novosibirsk, Russia

! Fomin et al., Techn. Phys. Letters. 35, (2009).

2 Bedarev et al,, . Appl. Mech. Techn. Phys. 52, 13 (2011).

Figure 1: Flow field around the model with an asymmetric heating by glow electric discharge.
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TRANSITION EFFECT ON SHOCK WAVE / BOUNDARY LAYER
INTERACTION AT M=1.5

P.A. Polivanov?, A.A. Sidorenko?, A.A. Maslov?

Modern trends in transonic aviation are connected with reducing of viscous drag. Therefore commercial
airplanes of the next generations may be equipped with a laminar wing [1]. Generic feature of the transonic flow
near the airfoil is presence of local supersonic zone ended by a shock wave. Laminar boundary layer has weak
resistance to adverse pressure gradients especially ones produced by shock waves, in contrast to the turbulent
boundary layer [2]. This leads to significant flow separation that can eliminate all advantages of laminar flow.
Therefore it is necessary to estimate the difference between steady and unsteady parameters of the separation
zone for various positions of the laminar-turbulent transition relative to the zone of shock wave boundary layer
interaction (SWBLI) for moderate Mach numbers.

The experiments were performed in wind tunnel T-325 ITAM SB RAS) for Mach number Mw = 1.47, total

pressure Po = 0.55-1.0-10°> Pa and total temperature 291 K. The experimental set up is presented in Figure 1(a).
Experimental setup consisted of a plate and a wedge generating a shock wave. The plate could be moved in the
streamwise direction, thereby it was possible to change the regime of the inflow boundary layer in SWBLI. For
artificial turbulization of the boundary layer zigzag strip of 0.2 mm thickness and 1.5 mm pitch was used.

PIV was used as the basic measurement technique supplemented with steady and unsteady pressure sensors
distributed along the plate. Position of the laminar-turbulent transition was detected by Pitot tube. During the
experiments the detailed mean and RMS velocity fields were obtained (for example, Figure 1 (b)) at a gradual
variation of the boundary layer regime from laminar to turbulent. Additional wall shear stress caused by the flow
separation and changes of the pulsation level and distribution was found. POD (Proper Orthogonal
Decomposition) analysis of PIV data jointly with unsteady pressure data allowed to define the nature of the
fluctuations in the interaction zone. This allowed to discover the effect of the inflow boundary layer on the
development of fluctuations in the interaction zone. A similar analysis was performed to optimize the turbulizer
location relative to the zone of SWBLI.
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Figure 1: (a) Drawing of the experimental setup. (b) Velocity distribution in the of SWBLI region.

* Khristianovich Institute of Theoretical and Applied Mechanics SB RAS, 630090, Novosibirsk, Russia
1 E. Allison et al. 27th Intern. Congtress of the Aeronautical Sciences (2010).
2 M. Swoboda and W. Nitschef. Journal of aircraft. 33, (1996)
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Identifying buffet mechanisms in transonic Shock-wave/Boundary-layer interaction

[. Brouwer?, J. Reiss?, J. Sesterhenn?

Unsteady shock-wave/boundary layer interaction (SBLI) is an important subject in many engineering
applications. A prominent example for SBLI is the transonic flow over an airfoil. The flow is accalerated over the
wing, a supersonic pocket forms which is terminated by a shock. The strong pressure gradient leads to flow
separation and recirculation bubble forms. Under certain conditions the position of the shock begins to oscilate.
Lee! gives a comprehensive overview of the conditions under which transonic SBLI occurs. In summary, two
main factors are believed to be tesponsible for the shock movement. The first is the breathing motion of the
recirculation bubble that forms behind the adverse pressure gradient at the shockfoot. The second mechanism
that leads to shock-buffeting are acoustic waves that are generated downstream of the interaction zone and travel
upstream to interact with the shock.

While there exist many recent numerical studies of supersonic shock-wave/boundary-layer interactions, see
Clemens et al.? for an overview, the case of transsonic SBLI has not reveived as much attention. In this study,
the DNS of a transonic boundary-layer flow over a bump is investigated, using an energy-preserving skew-
symmetric finite-difference code3. The flow is accalerated over the bump and a A-shock forms. Shock-buffeting
due to upstream travelling acoustics is observed. To gain insight in the underlying feedback mechanism, the
acoustic sources generating the upstream travelling waves are identified.
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Fig. 1: Model of SBLI mechanisms taken from Ref. 1 Fig. 2: Snapshot of pressure gradient with A-shock and
upstream travelling acoustics

Institute for Fluid Dynamics and Technical Acoustics, TU Betlin, Mueller-Breslau-Str., Betlin, Germany
Lee, Self-sustained shock oscillations on airfoils at transonic speeds , Progress in Aerospace Sciences, Elsevier, 2001, 37, 147-196
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The wake behind a body in a subsonic and transonic flow of viscous gas

A.L Aleksyuk?, V.P. Shkadovab and V.Ya. Shkadov?

The report presents the numerical investigations of the Mach number effect on the flow around bluff (a
circular cylinder) and streamlined (NACAO0012 airfoil) bodies. The numerical simulations are based on solving
two-dimensional Navier-Stokes equations for viscous perfect gas at small and moderate Reynolds numbers Re
(Re= 10000) and Mach number range of 0.1<M=1.5.

The previous experimental and numerical studies have shown that the change of Mach number at a fixed
Reynolds number has a significant impact on the near wake flow structure. For example, the flow around airfoil
NACAO0012 at zero incidence at Re=10000 has regimes with a vortex street in the near wake (0.3<M<0.95) and
without it (M<0.3 and M=0.95), and the transonic regime of 0.7<M<0.85 forms an additional mode of
instability!.

The work focuses on studying the development of self-oscillations in the subsonic and transonic wakes and
related phenomena like unsteady shock/boundary layer and shock/vortex interactions. Fig. 1 shows different
types of vortex street formation obtained in the present work: vortex street originates on the body (b) and in the
wake in subsonic and transonic flow regimes (a, c).

Detailed numerical study of the influence of Mach number on the nature of the flow and forces has been
carried out. Initial-boundary value problems for the Navier-Stokes equations are numerically solved by the
stabilized finite elements method?. Solutions are built on unstructured meshes using the procedure of adaptation,
which automatically creates a good resolution of the grid in the places of local features, such as shock wave,
boundary layer and vortex wake. The reported computations have been carried out on Lomonosov

supercomputer.
The work is supported by RFBR grants (12-01-00405 and 14-01-31100).

B Faculty of Mechanics and Mathematics, Lomonosov Moscow State University, 1 Leninskiye Gory, Moscow, Russia, 119991

b Institute of Mechanics, Lomonosov Moscow State University, 1 Michurinsky Pt., Moscow, Russia, 119192
! Bouhadji and Braza, Computers and Fluids 32, 1233 (2003)
2 Aleksyuk et al., Mosc. Univ. Mech. Bull. 67, 53 (2012)

(2) (b)

Figure 1: Subsonic and transonic flows around airfoil NACA0012: density field at (a) M=0.5, (b) M=0.85, (c) M=0.95.
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An investigation of dense gas dynamics

F.]. Dura Galiana? and A.P.S. Wheelerb

Heat recovery systems generally use the Organic Rankine Cycle (ORC) due to the necessity to generate power
from a low temperature source. These engines usually have single stage turbines to maximise the power density,
although the high pressure ratios result in losses due to transonic flows (such as shock and trailing-edge losses).
As an added complexity, high-density gases with a high molecular weight and complexity are used in ORC
engines. These fluids enter the turbine at near-critical point conditions, where dense gas effects are dominant. At
these conditions, the Fundamental derivative (I')! of the gas is close to unity, and this affects the development of
shock waves and subsequent shock-losses which degrade the turbine performance.

In this paper we present experimental and CFD studies of dense gases. We study the flow of different gases
(COg, air and SFe) over a backward-facing step geometry intended to simulate wake and shock losses of the flow
over the vane trailing edge of a typical ORC turbine. Different nozzles were generated to achieve the same free-
stream Mach number conditions for all fluids. This was achieved using a new code that uses an axisymmetric
Method of Characteristics (MOC) that takes into account real gas effects during an isentropic expansion.

The flows were tested in a new Ludwieg tube that simulates ORC turbine conditions (i.e. Mach number,
Reynolds number and reduced pressure and temperature). Using fast response pressure transducers, static and
stagnation pressutres were measured to help us study the flow features. The data gathered from the experiments
shows that the nozzle design achieved the desired Mach number within 1% of the design intent of 2.
Comparison between the experimental data and CFD prediction using real-gas modelling showed generally good
agreement, with some differences in total pressure, indicating modelling inaccuracies trelated to loss/entropy
production.
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Figure 1: Nozzle exit static pressure compatison between SF6 and air for Mach number M=2.
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Geometric shock dynamics and the generic singularities of converging shock fronts

J. Eggers2, M. A. Fontelosb and N. Suramlishvili?

We are concerned with singularities of the shock fronts of converging perturbed cylindrical shock waves. Our
considerations are based on Witham's theory! of geometrical shock dynamics. The solution of shock dynamics is
found in implicit form using the 'hodograph' transformation and then the shock front in real space is
reconstructed. The geometrical singularities of shock fronts are determined by the singulatities of 'hodograph'
transformations. The propagation of entire shock front is studied and the local analysis is applied in order to
determine generic singularities. In particular, we found that the propagation of the front is accompanied by the
development of swallowtail singularities described by the germ of E¢ mapping (C, 0) = (C2, 0). The space of
control parameters of the singularities is analysed, the unfolding describing the deformations of the canonical
germ is found and corresponding bifurcation diagram is constructed.

& School of Mathematics, University of Bristol, University Walk, Bristol, BS8 1TW, United Kingdom
® Instituto de Ciencias Matematicas, C/Serrano 123, 28006, Spain
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Mach Number Dependency of Drag Reduction Effect by a Uniform Blowing
in a Supersonic Turbulent Channel Flow

Avyane Kotake?, Yukinori Kametani®> and Koji Fukagata?

Reduction of the skin friction drag in a wall-bounded turbulent flow is important for mitigation of
environmental impacts and more efficient energy utilization, especially for reducing the fuel consumption in
aircrafts and trains. Various control techniques for the reduction of friction drag have extensively studied for
incompressible turbulent flows. In contrast, a few studies have been reported for compressible turbulent flows,
despite that flows in the real applications mentioned above are often supersonic.

A DNS of a compressible turbulent channel flow was performed by Coleman et al.l. More recently, Lagha et
al.2 performed DNS of a turbulent boundary layer at various Mach number (Ma). These results demonstrated
that the turbulent statistics are essentially the same as those in the incompressible flows even at a very high Mach
number up to Ma = 20. In turn, these results suggest that the drag reduction techniques developed for the
incompressible flows, such as a uniform blowing may be effective for compressible flows.

In the present study, direct numerical simulations (DNS) of supersonic turbulent channel flows with a
uniform blowing (UB) on one side and a uniform suction (US) on the other side are performed. The effects of
UB and US on the skin friction drag and the differences of the effects among Mach number will be explored.
The governing equations are the compressible continuity, the Navier-Stokes, and the energy equations. A
periodic boundary condition is imposed to x- and z- directions. The Reynolds number, Re, is set to be 3000 and
the bulk Mach number, Ma, is set to be 0.3, 1.0, 1.5 and 2. The UB and US velocities are given on the lower and
upper walls, respectively. These velocities are set to be 0.1 % or 0.5 % of the bulk-mean velocity.

The modifications of the mean velocities by UB and US at Ma = 1.5 are shown in Figure 1. Here, the
velocity is made dimensionless by the wall unit of the base flow. As the amplitude of UB and US increases, the
mean streamwise velocities are found to decrease on the blowing side and increase on the suction side. Although
the profiles at other Mach number are omitted here for brevity, their behaviors are similar to that of Ma = 1.5,
which suggests that the drag reduction effect (on the blowing side) is relatively insensitive to the Mach number.
This tendency is similar to the results of the incompressible flow by Sumitani and Kasagi®. Figure 2 shows the
dependency of the drag reduction rates on the Mach number. Unlike the initial expectation, the drag reduction
rate on the blowing side is observed to be increased as the Mach number increases. Its mechanism will be
investigated and presented at the final presentation.
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Figure 1 Mean streamwise velocity at Ma = 1.5 Figutre 2: Dependency of drag reduction rate
on the Mach number. Cross, blowing side;
asterisk, suction side; circle, average of both walls.
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Numerical Investigation of Nanosecond Pulsed Dielectric Barrier Discharge Actuator
in Sub- and Supersonic Flow

[. G. Zheng?, Z. J. Zhao?, J. Lit, Y. D. Cui? and B. C. Khoo#?

Dielectric barrier discharge (DBD) actuator driven by a high voltage pulse with rise and decay time of
nanosecond order is being investigated intensively as a potential active flow control means. The mechanism
whereby the nanosecond DBD actuator achieves flow control authority is believed to be related to thermal effect
of plasma discharge which causes the rapid, localized heating of near surface gas and generation of a micro shock
wave. This type of actuator has been applied to a wide range of flow regimes and demonstrated flow control
potential. In the current study, the nanosecond pulsed plasma actuator in sub- and supersonic flow over a flat
plate and its application to airfoil leading edge flow separation control are investigated numerically. A one-
dimensional, self-similar plasma model, which is well validated and verified, is employed to predict the key
parameters of nanosecond plasma discharge and loosely coupled with compressible Navier-Stokes equations
solver!. The behaviors of plasma actuator in flat plate boundary layer as shown in Fig. 1, especially the
characteristic of residual temperature due to repetitive pulse discharge and the discharge induced perturbation as
well as its evolution in the boundary layer are studied. In addition, the efficacy of nanosecond pulse discharge for
suppressing flow separation on the leading edge of an airfoil with freestream flow Mach number up to 0.2 has
been reproduced numerically. The details of interaction between shock wave and external flow and of the
induced vortex structures are resolved. The flow control in high subsonic regime where experimental data is
lacking is also simulated. The focus is on the examination of effects of electrical parameters such as voltage
amplitude, actuator repetition rate and operation mode on the generated spanwise vortices as well as on flow
control authority.

* Temasck Laboratories, National University of Singapore, Singapore 117411

b Department of Mechanical Engineering, National University of Singapore, Singapore 119260
1 Zheng et al., Phys. Fluids 26, 036102 (2014).

Figure 1: Schlieren image showing a sequence of shock waves generated by nanosecond pulsed plasma discharge at
frequency of f=100kHz in a Mach 1.5 supersonic flow over a flat plate.
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Open-loop control for vortex breakdown in compressible, switling nozzle-jet flows

T. Luginsland!?

The scope of the present investigation is to study the controllability of vortex breakdown in compressible,
swirling nozzle-jet flows by means of Large-Eddy simulations (LES). High-order numerical schemes in space and
time are utilized together with the ADM-RT subgrid scale model'. A nozzle of length L.=5, which rotates in the
mean flow direction, is included into the numerical framework to allow for an interaction of the developing
vortex breakdown with the upstream flow field?. The Reynolds number is Re=5000, the Mach number is Ma=0.6
and the swirl parameter defining the rotation rate of the nozzle is «=7, which is above the threshold for vortex
breakdown to occur.

Blowing/Suction at the nozzle lip is applied to control the vortex breakdown of the switling jet flow. The
influence of the forcing amplitude .4, the forcing frequency f and the forcing wave number # on the vortex
breakdown is investigated. Depending on the specific combination of forcing parameters (A, /4, #) the position of
the stagnation points at the centreline of the switling jet as well as the spatial extend of the recirculation region
changes. The minimum streamwise centreline velocity, a measure for the intensity of vortex breakdown, is
decreased significantly leading to a recirculation, which is half as strong as for the natural, unperturbed flow.
Independent of the specific forcing applied, azimuthal modes grow within the outer shear-layer of the switling jet
saturating at higher amplitudes compared to the natural flow. The single-helix type instability believed to be
globally unstable and triggered by the rotation of the vortex core at the centreline of the swirling jet is not
significantly suppressed by the growth of those modes. Contrarily, the single-helix mode seems to be amplified
by the forcing applied throughout the present study.

Although the size, the shape and the location of the vortex breakdown is sensitive to the forcing applied in the
present study, the mechanism leading to vortex breakdown is not affected. Applying a forcing at the nozzle lip
does not influence the precessing vortex core at the centreline of the switling jet and therefore the mechanism
leading to vortex breakdown. This finding is in agreement to results reported in literature concerning the
controllability of vortex breakdown in the incompressible regime.

Institute of Fluid Dynamics, ETH Zurich, 8092 Zurich, Switzerland.

Aachen Institute for Advanced Study in Computational Engineering Sciences (AICES), RWTH Aachen University, Germany
(cutrent affiliation).
! Luginsland and Kleiser, Proc. Appl. Math. Mech. 10, 727 (2010).
2 Luginsland, Diss. ETH No. 21616, (2014).

Figure 1: Time-averaged streamwise, » (red-blue), and azimuthal velocity, » (green-yellow), with
streamlines of the natural flow field. The rotating nozzle wall is indicated in grey.
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Optimal feedback control of the unsteady wake past a wall-mounted cube

Vincenzo Citro?, Marco Carinib, Flavio Giannetti* and Jan Oscar Pralitse

The flow past a cubical obstacle is an archetype of a wide variety of engineering problems dealing with the
occurrence of bluff-body flows, such as the design of buildings or ships. For this considered flow configuration
the primary instability leads to the development of an unsteady three-dimensional wake characterized by vortical
structures called ‘Hairpin’ vortices!. The alternate shedding of these vortices results in non-stationary forces
acting on the obstacle and can cause serious structural problems associated with fluid-structure resonance
phenomena. Therefore the possibility to mitigate and even suppress this flow instability by means of an active
control is of general interest for several applications. In recent years linear optimal control has been established
as a mathematically rigorous and almost general model-based approach to flow control2. However the
computation of the feedback gains for large-scale plants (such as those derived from the discretized Navier-
Stokes equations) still remains intractable using standard control algorithms. One possibility is to resort to a
reduced-order model of the open-loop plant>* and thereby introduce different types of approximations of the
flow dynamics.

In this work the optimal control of the three-dimensional wake behind a wall-mounted cube is investigated based
on a full-order flow model, providing an useful analysis tool to support and improve the design of more realistic
controllers. In our linearized study a full-state feedback rule is designed by exploiting the Minimal Control
Energy (MCE)>¢ solution of the classical Linear Quadratic Regulator (LQR) problem. Indeed for such case the
teedback gains can be computed based only on the information provided by the spatial structure of the unstable
direct and adjoint global modes of the linearized Navier-Stokes equations, thus bypassing the solution of an
high-dimensional Riccati equation. In the considered control setup, spatially distributed blowing/suction located
e.g. near the cubical element or on the obstacle itself is used for the actuation. The spatial structure of the
computed feedback gain field is thoroughly described and the performance of the resulting controller is assessed
on the fully nonlinear Navier-Stokes equations above the critical threshold of instability.

* Dip. di Ingegneria Industriale (DIIN), Universita degli Studi di Salerno, Via Giovanni Paolo 11, 84084 Fisciano (SA), Traly
b Dip. di Scienze e Tecnologie Aerospaziali, Politecnico di Milano, Via La Masa 34, 20156 Milano, Italy (marco.catini@polimi.it)
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Figure 1: Flow configuration, frame of reference and computational domain (not to scale) are depicted using:
a) side view and b) top view. The computational domain is enclosed by a dashed green line. The example
actuation (blowing/suction) is located just downstream the cubical element.
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A linearized approach for the control of aerodynamic forces in
flow past a square cylinder

P. Meliga?, E. BoujoP, G. Pujalsc and F. Gallaireb

The analysis of Strykowski & Sreenivasan! provides experimental evidence that a small control cylinder suitably
positioned in the wake of a main cylinder can alter vortex shedding close to the instability threshold. This
problem was addressed from a theoretical perspective by Hill% who used adjoint-based gradient to compute the
sensitivity of the global instability mode correlated to the shedding activity, and thereby retrieved the
experimental sensitivity regions without knowledge of the actual controlled states. Such an approach is an
attractive alternative to bottleneck “trial and error” procedures in that it allows spanning quickly all possible
positions of the control cylinder without ever calculating any controlled state. It has sparked interest as a means
to gain beforehand valuable information regarding the most sensitive regions for open-loop control based on the
underlying physics.

The present research aims at predicting similarly the optimal placement of the control cylinder in the attempt to
modify the aerodynamic forces. The main focus is on drag of a square cylinder, intended to serve as a testbed for
developing the related methodology. We compute the drag variation caused by a small control cylinder whose
diameter is 1/10 that of the main cylinder, whose presence in the flow is modeled by a pointwise reacting force2.
Calculations are performed for two values of the Reynolds number. The first one Re = 40 is subcritical in the
sense of bifurcation theory, as the flow settles down to a steady state. All results are presented in terms of maps
of the steady asymptotic drag (i.e., the value reached after the initial transient), whose sensitivity is computed
solving a steady adjoint problem from knowledge of the base solution (leftmost part of Fig.1). The second one
Re = 100 is supercritical as the flow conversely develops to the time-periodic, vortex-shedding state. Results are
rather presented in terms of maps of the time-averaged mean drag, whose sensitivity is computed integrating
backwards in time an unsteady adjoint problem from knowledge of the DNS solution (rightmost part of Fig.1).

a M2P2 UMR 7340 CNRS, Aix-Marseille University, Centrale Marseille - 13451 Marseille Cedex, France
b LEMI Swiss Federal Institute of Technology of Lausanne, CH1015 Lausanne, Switzerland
¢ PSA Peugeot Citroén Centre Technique de Velizy, 78943 Vélizy-Villacoublay Cedex, France

1 Strykowski & Sreenivasan, J. Fluid Mech. 218, 71 (1990).
2 Hill, NASA Technical Report 103858 (1992).

Figure 1: Map of the drag variation caused by the introduction of a small control cylinder. Left : steady
asymptotic drag at Re=40. Right : time-averaged drag at Re=100.
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Experimental closed-loop control of a detached boundary layer
at high Reynolds number

C. Raibaudo!, A. Polyakov?3, D. Efimovb<, F. Kerhervéa4, J.P. Richardb<d and M. Stanislasad

A large variety of flow control strategies has been used in the last decades to avoid separation of boundary
layers for, as major concern, aerodynamic benefits. The paper addresses closed-loop control of a quasi two-
dimensional turbulent boundary layer with massive separation. The experiments are conducted in the LML
boundary layer wind tunnel in Lille. Special attention is paid to the transient dynamics between the separation
and reattachment regimes. For the control itself, 22 round air jets distributed in the spanwise direction upstream
of the separation line are used as actuators. The jets generate co-rotating vortices which re-energise the near-wall
region, and force the flow to reattach more or less depending on the actuation parameters.

The transition between the separated and the attached flow is first examined. Hot-film sensors placed along
the separation region are used to obtain an instantaneous measurement representative of the skin-friction during
reattachment regime. Both continuous and pulsed actuations are considered. The actuation parameters
considered for the present study are: the velocity ratio between the jets exit and the freestream, the jets'
frequency, the duty cycle, and the freestream velocity. In order to quantify the sensitivity of the flow with
regards to these parameters, different sets of values are considered.

The hot-film responses are here considered as a good metric for the flow state (fully/partially attached or
fully detached). The control strategy implemented therefore leans on the possibility to predict hot-film responses
when the flow is subjected to vatious forcing/actuation. Modelling of the hot-film responses is thus effected for
the range of control parameters covered. At first, characteristic time constants (rising time etc...) are determined
by fitting a first-order law. Secondly, time-series models identification (ARMAX, Box-Jenkins, etc.) and
dynamical systems are built in order to have a better approximation of the transient dynamics than the first-order
model.

From these models, closed-loop experiments ate performed. Closed-loop feedback based on P, PI & PID
algorithms with the duty cycle as control input are first implemented to serve as a reference. The duty cycle is
normalized and estimated from the difference between the friction wanted and the measure of the hot-film
sensors. Optimal control (LQR) is also considered. The algorithm is aimed at the maximisation of the gain in
friction with minimal flow rate input. The various time delays of the system "actuator+flow+sensor" are also
taken into account for the control design.
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Figure 1: Closed-loop control experiment based on pulsed jets.
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Suboptimal control of spatially developing turbulent boundary layers

A. Stroh?, K. Fukagatab, P. Schlatterc and B. Frohnapfel?

The reactive flow control scheme of opposition control exhibits drag reduction of 25% in a fully turbulent
channel flow!. However, in order to realize opposition control, information about flow properties inside the flow
domain is required. This problem can be solved by the introduction of suboptimal control schemes in which wall
quantities are used as sensor information. Suboptimal control with the same type of control input as opposition
control, i.e. suction and blowing in wall normal direction, yields about 20% drag reduction in a fully turbulent
channel flow? In the present work suboptimal control schemes are transferred from the channel flow
configuration to the spatially developing boundary layer.

The spanwise wall-shear stress is chosen as sensor information for the suboptimal control scheme, so the
control input in form of wall-normal velocity at the wall can be estimated as a convolution between sensor input,
Ow/ 0y(x,0,3), and a weight distribution, W(x",3):

x;nax Zrlnax ow
v(x,y=0,z) = f f W(x’,z’)E(x +x',y=0,z+2z")dx'dz'.
0 0

Two weight distributions are considered in the present work: the distribution presented by Lee et al.? and a
distribution based on the derivation of Jeon and Choi’. In the latter case, the distribution is estimated as a
simplified response of the flow to a local wall-normal velocity impulse. The implementation of both schemes

shows good agreement with literature data®*in a fully turbulent channel flow at Re;=180. It is found that the
frequency at which the control is updated significantly influences the performance of the control scheme.

Both suboptimal control schemes are then applied in a DNS of a spatially developing turbulent boundary
layer with zero pressure gradient in a Reynolds number range of Re,=1-3-105 (Res=400-700). In the boundary
layer simulations the control is applied in the middle of the numerical domain only. The resulting local drag
reduction is shown in Fig. 1(a) demonstrating similar streamwise development for all investigated control
schemes: a transient section of 0.5-0.6-10° in terms of Rey, followed by a saturated drag reduction state and a
relaxation of the flow 0.2-0.3-10° units downstream of the control area. Both suboptimal control schemes result
in an almost identical drag reduction distribution with a maximum of 17%, while opposition control yields a
maximum drag reduction value of 23%. However, the spatial distribution of the control input intensity, as shown
in Fig. 1(b), indicates the existence of differences between the different control schemes.

In the presentation we will report the differences between the two investigated suboptimal control schemes
and the opposition control scheme in detail. The analysis will include the corresponding FIK-decomposition® of
the drag reduction and also evaluation of the control performance in terms of energy gain and energy saving rate.
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Figure 1: Streamwise development of (a) skin friction drag reduction (b) control input intensity.
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Accurate pressure measurements for the determination of skin friction drag variations
in internal turbulent air flows

A. Gittler»b, T. Schickel?, T. Damaske? and B. Frohnapfelb

During the last decades large research effort in the field of flow control has been devoted to the development
of new strategies aimed at reducing turbulent skin-friction drag. Many of these new strategies are mostly
evaluated numerically through Direct Numerical Simulation (DNS) of low Reynolds number flows in channel
geometries. Though DNS enables relatively easy implementation of new control strategies and offers good
accuracy in estimating changes in skin-friction, proof-of-principle laboratory verifications are required to finally
assess the real potential and applicability of flow control techniques. From the practical viewpoint of handling an
experimental set-up it is often advantageous to use air as a working fluid. However, the accurate detection of
skin-friction drag variations is made challenging by the small values of the skin-friction drag itself, at least in the
low Reynolds number range.

We describe the construction of an experimental facility in which skin-friction drag is detected by measuring
the pressure loss of an internal air flow. The related cost effort is moderate while it is possible to detect changes
of skin friction drag with the same or even better resolution and accuracy than with complex shear stress
balances. In the present work particular care is taken to maximize the capabilities of the experimental facility in
respect to the resolution of small pressure differences. As a result, it is possible to resolve changes in wall friction
smaller than 0.5% at relatively low Reynolds numbers (Re,=5000-24000).

The facility consists of a blower tunnel configuration with a flat channel test section (aspect ratio 12:1, length
of 157 channel heights). Pressure taps are installed in regular intervals along the test section and flow rate
measurements are realized with standard pressure difference based flow meters. We discuss possible error
sources for the quality and repeatability in determination of the two main quantities, namely flow rate and
corresponding pressure drop along the test section. In this respect, the influence of varying air density and
viscosity as well as the one of manufacturing tolerances is considered. Different measurement strategies are
compared from the viewpoint of resolving the smallest skin friction drag variations possible. Further, it is
discussed how to ensure fully developed turbulent flow conditions, at least as far as the skin friction values are
concerned.

The design of the presented experimental facility allows accurate testing of different drag reduction
techniques under equivalent conditions. We present measurement results obtained for riblets>4, surface-
embedded grooves! and spanwise wall-oscillation realized with dielectric electroactive polymerssé. The attained
accuracy is finally discussed on these exemplary measurement results in comparison to available literature data.

* Center of Smart Interfaces,Technische Universitit Darmstadt, 64287 Darmstadt, Germany;

b Institute of Fluid Mechanics, Katlsruhe Institute of Technology, 76131 Karlsruhe, Germany
1 Frohnapfel et al. , J.Fluid Mech., 590, 107(2007)

2Bechert et al. , J.F/uid Mech. , 338, 59 (1997)

3Walsh et al. , ALAA Papers, 82, 0169 (1982)

4 Gruneberger and Hage, Exp Fluids, 50, 363 (2011)

5 Jung et al. , Phys. Fluids, 4, 1605 (1992)

¢ Gouder et al. , Exp. Fluids, 54, 1441 (2013)
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Stability of the boundary layer on a rotating disk for power-law fluids

P. T. Griffiths?, S. O. Stpehenb, A. P. Bassom¢, and S. J. Garrettd,

The stability of the flow due to a rotating disk is considered for non-Newtonian fluids, specifically sheat-
thinning fluids that satisfy the power-law (Ostwald-de Waele) relationship. In this case the basic flow is not an
exact solution of the Navier-Stokes equations, however, in the limit of large Reynolds number the flow inside the
three-dimensional boundary layer can be determined via a similarity solution. The solution methodology is purely
an extension of the classical von Karman similarity reduction that exists in the Newtonian limit. It is important
to note that since the flow is not an exact solution of the Navier-Stokes equations asymptotic matching
constraints need to be considered. No such considerations are necessary for Newtonian flows as the von
Karman similarity reduction provides an exact solution of the Navier-Stokes equations.

An asymptotic analysis is presented in the limit of large Reynolds number. It is shown that the stationary
spiral instabilities observed experimentally in the Newtonian case can be described for shear-thinning fluids by a
linear stability analysis. The additional viscous terms associated with the power-law model are dealt with via
asymptotic matching between the inviscid layer and the wall layer.

Predictions for the wavenumber and wave angle of the disturbances suggest that shear-thinning fluids may
have a stabilising effect on the flow. Fewer spiral vortices with a greater wave angle are predicted as the power-
law index decreases form unity. The stabilising or destabilising effect of the power-law index in terms of the
critical Reynolds number can only be determined via numerical solution of the full governing stability equations.
This is outside of the scope of the current study, however, we expect this work will form a strong basis for such
future numerical investigations.

* School of Mathematics, University of Birmingham, Edgbaston, Birmingham B15 2TT, UK
> School of Mathematics, University of Birmingham, Edgbaston, Birmingham B15 2TT, UK
© School of Mathematics & Statistics, The University of Western Australia, Crawley 6009, Australia

d Department of Mathematics & Department of Engineering, University of Leicester, University Road, Leicester LE1 7RH, UK
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Linear stability of viscoelastic Poiseuille flows in cylindrical configurations

A. Petrucci Orefice?, G. Coppola?, A. Orazzo? and L. de Luca?

The linear stability of annular and pipe Poiseuille flow for a viscoelastic fluid in inertial regime is investigated by
considering both linear modal and nonmodal stability properties of infinitesimal disturbances. The viscoelastic
fluid is described by the Oldroyd-B model, and the analysis is conducted at moderately high values of the
Reynolds number by varying the Weissenberg number and the viscosity ratio between the Newtonian solvent
and the polymeric solution. The equations governing both flow and elastic variables are written in polar
coordinates and are discretized by an accurate Chebyshev pseudospectral code, suitably adapted in order to
mitigate the negative effects of the presence of continuous spectrum on the accuracy of the numerical
discretization. The code has been validated by comparing the results against classical and recent numerical
studies for pipe and channel viscoelastic Poiseuille flows!2,

In the case of annular Poiseuille flow, the effects of viscoelasticity on marginal curves of the Newtonian case is
such that the critical Reynolds number is decreased at low Weissenberg numbers, while high values of polymer
relaxation time have a stabilizing effect. This behaviour, which is in agreement with previous findings for channel
flow, vanishes as the mean radius of the annulus reduces. The concentration of the polymer has a destabilizing
effect.

Non modal analysis shows that significant transient growth of kinetic energy is present, as in the case of
Newtonian fluids, in both annular and pipe configurations. Viscoelasticity is active in reducing the transient
growth for high values of streamwise wavenumber. Energy analysis shows that the reduction of the viscosity
ratio produces an increase of the dissipation term due to the interaction of the polymer stress with the flow,
while increments of the Weissenberg number reduce the production of energy due to the Reynolds stresses.

* Dip. Ingegneria Industriale, Universita degli Studi di Napoli “Federico 117, P.le V. Tecchio 80, Napoli, ITALY

1 Sureshkumar and Betis, |. Non-Newtonian Fluid Mech. 56, 151 (1995).
2 Zhang et al., |. Fluids Mech. 737, 249 (2013).
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Transient growth for non-Newtonian fluids in Taylor-Couette flow

Y. Agbessi?, C. Nouarb, C. Lemaitre* and L. Choplin?

The present communication deals with the transient growth of Taylor-Couette flow of shear-thinning fluids
(fluids which viscosity decreases with increasing shear rate). The case of plane shear flows of such fluids has
already been considered by Nouar e/ 2/ (2007)! and Liu & Liu (2011)2. It was shown that for weakly shear-
thinning fluids, transient growth is driven by the lift-up mechanism, while for strongly shear-thinning effect, the
Orr mechanism is at work. For flows in rotation, the mechanisms desctibed above may be modified. We
consider here the flow between two rotating co-axial cylinders of purely viscous shear-thinning fluids with or
without yield stress. Three rheological models were adopted: power law, Carreau and Bingham models.

Classically, a linear stability analysis was conducted, focusing as a first step on the long-time behaviour of the
perturbations. The influence of the rheological parameters on the stability curves in the (Rei, Rez) plane (Rei and
Reo: inner and outer Reynolds numbers respectively) was determined. A comprehensive analysis of the spectra
was performed in the different zones of the (Rei, Rez) plane.

In a second step, we have studied the behaviour at short times of the perturbations by using the classical tools
of transient growth theory, Schmid and Henningson (2001)3. The shear-thinning character without yield stress is
found to enhance considerably the optimal energy amplification of the perturbations, while the yield stress
reduces it significantly. Following Dubrulle e7 2/ (2005)* and Maretzke ¢ al. (2013)°, we introduced a shear
Reynolds number Re and a rotation number Ro, which quantify the shear and rotation effects respectively. For
Newtonian fluids, the energy amplification GoPt is found to scale as Re?/3 everywhere in the (Rei, Rez) stable
domain, except on the Rayleigh line. On this line, the angular momentum is uniform in the gap, the epicyclic
frequency is zero and Gert scales as Re2. For non-Newtonian fluids, the amplification scales as Re?/3 everywhere.
The mechanisms associated to these scalings are proposed. For Re? scaling the anti-lift-up mechanism prevails: in
that case the optimal perturbation is initially in the form of azimuthal velocity streaks and evolves towards
azimuthal rolls. For Re?/3 scaling, a three-dimensional Orr mechanism is at work. Initially, the perturbation is
oriented against the base shear and it tilts to align practically with the base shear. Unlike the 2D situation, the
optimal amplification is reached when the perturbation almost aligns with the base shear. These results have
been verified for a wide range of rheological parameters.

* LRGP UMR 7274 CNRS Université de Lotraine, 1 rue Grandville, BP 20451, 54001 Nancy, France

b LEMTA UMR 7563 CNRS Université de Lorraine, 2 avenue de la Forét de Haye, BP 160, 54504, Vandoeuvre Les Nancy, France
! Novar ¢t al., |. Fluid Mech. 577, 211 (2007)

2 Liu and Liv, J. Fluid Mech. 676, 145 (2011)

3 Schmid and Henningson, Applied Math. Sciences 142, (2001)

4 Dubrulle ¢z al, Phys. Fluids 17,9 (2005)

5 Maretzke et al., |. Fluid Mech. (ArXiv e-prints Nov. 2013)
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Linear and weakly nonlinear instability of streaks in pipe flow of shear-thinning fluids

M. Jenny?, S.N. Lopez Carranzab and C. Nouar?

The present communication is motivated by experimental results!2? dealing with the transition to turbulence
in a pipe flow of shear-thinning fluids, i.e. fluids for which the viscosity decreases with increasing the shear rate.
A streaky flow with an azimuthal wavenumber n = 1 (Fig.1c) is obtained in the transitional regime. A linear
instability analysis of pipe flow of shear-thinning fluids modulated azimuthally by finite amplitude streaks was
investigated recently by the authors®. The shear-thinning behaviour is described by the Carreau model. The
streaky base flow is computed as the nonlinear temporal evolution of one pair of counter-rotating longitudinal
rolls superimposed to a laminar Poiseuille flow and by extracting the velocity field at time &4, where the
amplitude of the streaks is maximum. The linear instability of the streaky base flow is treated using a normal
mode analysis. When the streaks amplitude reaches a threshold value A, an instability occurs. This instability
originates from inflection points in the streamwise velocity profiles and can be triggered by two different modes
depending on the value of A.. If the threshold amplitude exceeds 41.5% of the Poiseuille centreline velocity,
with streaky base flow generated by longitudinal rolls, the instability mode is located near the pipe axis, it is a
“center-mode”. For lower values of A, , the instability mode is located near the pipe wall, in the region of
highest normal wall shear, it is a ““wall mode”. The numerical results show that for a given kinetic energy of the
longitudinal rolls, the threshold amplitude A, decteases with increasing shear thinning effects. The emergence
and the dominance of a wall mode, when shear-thinning effects increase, is clearly highlighted. The analysis of
the kinetic energy equation shows that for both instability modes the exchange of energy between the base flow
and the perturbation is dominated by the work of the Reynolds stress against the normal wall shear. This is in
contrast with the situation of plane Poiseuille flow and plane Couette flow of Newtonian fluid, considered in?,
where the streak instability is mainly induced by the work of the Reynolds stress against the spanwise shear.

In order to determine how the nonlinear viscous terms sustain the streaky flow observed experimentally, and
to elucidate the role of the nonlinear viscous terms, i.e. those arising from the viscosity perturbation, a weakly
nonlinear stability of the bifurcation to critical modes is used as a first approach to take into account nonlinear
effects. The amplitude expansion method is used. The results show that the bifurcation to a center mode is
supercritical and it is subcritical for a wall mode, ie. for sufficiently strong shear-thinning effects. This
encouraging result enables to consider the possibility of using a continuation method for determining nonlinear
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Figure 1.Contours of the amplitude of the streamwise component of the eigenfunction. (a) Center mode for a
Newtonian fluid. (b) wall mode for strong shear-thinning fluid. (¢) high and low velocity streaks obtained
experimentally.

solutions having an azimuthal wave numbern = 1.
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3 Esmael et al., Phys. Fluids., 22, 101701 (2010)
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Non-Newtonian effects on Droplet-deformation and breakup in confined geometries

A. Gupta?, M. Sbragaglia®, A. Scagliarini®, E. Foard? and F. BonaccarsoP

The deformation and breakup of a confined Newtonian/viscoelastic droplet suspended in a
Newtonian/viscoelastic matrix under a steady shear between parallel plates is investigated numerically using a
diffuse interface lattice Boltzmann method. The viscoelasticity is modelled using the FENE-P constitutive
equation, which is solved by means of finite difference schemes. The deformation and breakup of the droplet is
investigated as a function of the confinement ratio, viscosity ratio, the polymer relaxation time (Deborah
number), and for different polymeric concentrations. Our code is first benchmarked against analytical solutions
for droplet deformation at small Capillary numbers. At higher Capillary numbers, the critical velocity at the onset
of droplet breakup is found to strongly increase from its Newtonian value with increasing droplet viscoelasticity
and confinement ratio, whereas matrix viscoelasticity promotes droplet destabilization. Our results are important
for the control of viscoelastic droplets in confined microfluidic geometries.

? Department of Physics and INFN, University of Tor Vergata, Via della Ricerca Scientifica 1, 00133 Rome, Italy
b Department of Physics, University of Tor Vergata, Via della Ricerca Scientifica 1, 00133 Rome, Italy
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Displacement of Bingham Suspensions in a Slot

S.A. Boronin?, A.A. Osiptsov?, J. DesrochesP

With the development of hydraulic fracturing for stimulation of oil and gas production, modeling of non-
Newtonian fluid flows in fractures is becoming increasingly important. Only a few studies in the open literature
are devoted to two-dimensional flows of Bingham fluids!2. Comprehensive analysis of interactions of Bingham
particle-laden fluids in a narrow slot has not been carried out yet. The aim of the present study is to analyze
various physical phenomena accompanying multiphase flow in a Hele-Shaw cell, such as combined effect of
gravitational slumping and viscous fingering, particle settling and granular packing.

We consider a flow of a mixture of non-Newtonian particle-laden fluids in a Hele-Shaw cell. The suspension
flow is described within the framework of the two-fluid approach’, where the two interpenetrating continua are
assumed to be a carrier medium (composed of several immiscible fluids), and a dispersed continuum (large non-
Brownian particles with the diameter much smaller than the fracture width). In the lubrication approximation,
3D governing equations are reduced to a system of 2D width-averaged equations, including hyperbolic equations
for transport of fluids and particles coupled with a quasi-linear elliptic equation for the pressure. Governing
parameters involve the Bingham number (Bn), which is the ratio of the typical yield stress to the shear stress, the
Buoyancy number, the Stokes-to-Froude number ratio determining the particle settling velocity, as well as
density and viscosity ratios of the fluids. Governing equations are solved numerically using flux-limiting scheme
for hyperbolic equations and the BiCGStab method with ILU(2) preconditioner for the pressure equation. The
model and its numerical implementation are validated against available lab data on Newtonian viscous fingering
in a slot* and also against some unpublished lab data on channelling of Bingham suspensions in a slot.

Parametric study of different injection sequences is carried out. It is found that in the absence of fingering no
unyielded zones are created, and Bingham fluids behave similarly to Newtonian ones. In the presence of fingers,
Bingham fluid becomes essentially unyielded due to decrease in local pressure gradient. Yield stress mitigates
gravitational slumping, therefore the slumping rate of a Bingham fluid is always lower than that of a Newtonian
fluid with the same viscosity and density. Increase in the Bingham number leads to the increase in finger
shielding effect: smaller fingers of the displacing fluid left behind tend to stop completely (Fig. 1). Simulations of
fluid injection under the conditions when both viscous fingering and gravitational slumping occurs showed that
slumping damps fingering.

: Schlumberger Moscow Research, Pudovkina Street 13, 109147 Moscow, Russian Federation

b Services Petroliers Schlumberger, 76 route de la Demi-Lune, 92057 Paris La Defense Cedex, France
1 Bittleston et al., J. Eng. Marh. 43, 229 (2002).

2 Pelipenko and Frigaard, |. Eng. Math. 48, 1 (2004).

3 Boronin and Osiptsov, Doklady Physics 55, 199 (2010).

4 Smirnov et al., Phys. Fluids. 17, 084102 (2005).
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Figure 1: Fluid tracer distributions for iso-density displacement of Bingham fluid (red) by a Newtonian fluid (white) in a slot
at Bn = 0.36 () and Bn = 5.72 (§). Mesh is 300 X 300, dimensionless time is 0.082.
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Non-linear dynamics of the electro-hydrodynamic patterning of viscoelastic materials

G. Karapetsas® and V. BontozoglouP

Recent experimental! and theoretical?3 work has shown that interfacial electro-hydrodynamic instabilities can be
used in the manufacturing process of micro/nano-structures. The scope of this work is to investigate the non-
linear dynamics of the electro-hydrodynamic instability of a viscoelastic polymeric film under a patterned mask.
The polymer film is in general considered to be separated from the mask by another viscous fluid. We develop a
computational model and carry out 2D numerical simulations fully accounting for the flow and electric field in
both phases. For the numerical solution of the governing equations we employ the mixed finite element method
combined with a quasi-elliptic mesh generation scheme which is capable of following the large deformations of
the liquid-liquid interface. We model the viscoelastic behavior using the Phan-Thien and Tanner (PTT)
constitutive equation* taking fully into account the non-linear elastic effects as well as a varying shear and
extensional viscosity. We perform a thorough parametric study and investigate the influence of the various
rheological parameters, the applied voltage and geometrical characteristics of the mask in order to define the
fabrication limits of this process in the case of periodic structures.
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Figure 1: Contour plots of the vertical velocity component. The black line shows the polymer-air interface as
predicted by the non-linear numerical model.
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Mathematical modelling of coupled Newtonian and non-Newtonian flows
at different space and time scales

N. Kizilova?

Detailed modeling of the cardiovascular system allows iz si/ico medical diagnostics on the patient-specific
multiscale models, planning the therapy and surgery, estimation of the results of treatment and rehabilitation
procedures. Biological fluids are the most complex in nature exhibiting viscoelasticity, anisotropic viscosity,
reversible aggregation, and shear thinning. The space scale determines necessity of coupling the Newtonian and
non-Newtonian flows, while the time scale defines the influence of the local flow characteristics on the long time
behaviour, like aggregation and conglomeration, sediment accumulation, calcification, phase transitions and the
related phenomena. In the biofluids the latter are blood clot and atherosclerotic plaque formation which lasts
from several months to years, while the direct negative influence of the chemical components and hydrodynamic
factors (blood pressure, local pressure oscillations and wall shear stress) are at the heart beat scale (t~1s).

Complete 3D modeling of the circulatory system is still impossible due to incredible computer power needed
and the number of the model parameters to be specified. The reasonable simplifications are based on
incorporation of the realistic 3D models of some regions into the synthetic 1D+0D or 2D+0D model of the
systemic and intraorgan blood circulation. The 3D models of the aortic arch, carotid and cardiac vessels
combined with 0D model of the heart, larger and smaller vessels have been developed!. The boundary condition
problem at the interfaces of the 3D and 0D models has been discussed for the Newtonian flows only? A new
coupling schema for the blood flow I the regions of interest as suspension of aggregating particles in the
complex multiscale system is presented in Fig.1.
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Fig.1. Circulatory system as combination of coupled 3D, 1D and 0D models.

In the paper the boundary condition problem for the non-Newtonian fluid flows coupled with Navier-Stokes
equations for Newtonian fluids and viscoelastic solid equations for the distensible vesel walls is solved by
application the mass, particle concentration, momentum and energy balance equations at the interfaces of the
regions. The corresponding relations for 3D+1D+0D (I) and 3D+2D+0D (II) models are obtained. The
parameter-dependent changes in types of the systems are studied and the conditions preserving hyperbolicity of
the coupled system and correct description of the pulse wave propagation are found. Solutions as compositions
of ‘slow’ and ‘fast’ terms are obtained and analyzed for I and 1I models.
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Sensitivity analysis of optimal transient growth for turbulent boundary layers

F. ALIZARD!

T

Structural approaches based on modal decomposition of the turbulence flow dynamics have gain acceptance
for a wide variety of turbulent shear flows. In this context, an optimal modes decomposition (i.e. based on
optimal transient growth analysis), aiming to model the linear amplification of coherent structures in turbulent
flows, is used by Cossu eza/' to reproduce some fundamental motions in a turbulent boundary layer. In particular,
the latter authors show that the most amplified optimal modes correspond to elongated streaky structures scaled
in inner and outer units (see Figure 1 (a)). The sensitivity of these optimal modes to mean flow modification is
here analysed. By assuming that the optimal transient growth linear model is relevant for describing the coherent
structures for both the inner and the outer layer, we show that the linear amplification of very large scales which
populate the outer motion is not affected when the most temporally amplified optimal mode associated with the
inner layer is damped (see Figure 1 (b)). Moreover, we illustrate that the resulting optimal mean flow deviation is
consistent with findings of Xu etal? who investigate the active control of a turbulent boundary layer by carrying
out direct numerical simulation.
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Figure 1: (a) Spanwise size and time scale in inner units for optimal modes associated with infinitely elongated

structures in the streamwise direction for a turbulent boundary layer mean flow at Rer=2200 . The dashed and full lines
correspond to iso-contours of the energy gain. (b) Influence of the optimal mean flow deviation of a given magnitude equal

r=0.015

to on the optimal modes properties when the damping of the inner mode is targetted .The same iso-contours
for the energy gain are considered.
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A marker for studying the turbulent energy cascade in real space

|.I. Cardesa?, |. Jiménez?

We introduce a real-space marker for instantaneous fluxes of energy across scales in a 3D turbulent flow. Whereas
the widely known subgrid-scale (SGS) dissipation!- arises from the evolution equation for the kinetic energy of the
large (filtered) scales, our marker originates from the evolution equation of the kinetic energy in the small (residual)
scales. We analysed the statistics of both markers by filtering direct numerical simulation (DNS) data in the centreline
of turbulent channels. The DNS data span the range Re . =1000-4000, i.c. Re; values in the channel centreline of 57-
162. Our marker exhibits the expected behaviour of an energy source for the scales below filter-width size: it is
positive on average. It is also positively skewed, hinting at intense events occurring preferentially in the direction of a
forward cascade. This is consistent with the SGS dissipation being on average an energy sink for the large scales, and
negatively skewed. Backscatter is studied from the point of view of both the filtered and residual scales. The
probability density functions (PDFs) of these instantaneous energy fluxes show a milder dependence to the filter
width for our marker than for the SGS dissipation. The kurtosis shows a higher level of intermittency in the PDF of
our marker than in the SGS dissipation. Results will be compared with other DNS flows providing a larger scale
separation. It is interesting that the new measure, which only involves small scales, and is therefore more
independent of the large-scale forcing than the classical one, is also much more symmetric. This suggests an even
more vigorous bi-directional inertial cascade than that observed using older backscatter measures.
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Figure 1: PDFs of energy transfer measured with a Gaussian filter of varying width in the centreline of a turbulent channel at
Re. = 2000. (left) PDF of SGS dissipation. (right) our marker.
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Statistical structure of buoyancy-induced turbulence in a long tilted pipe

[. Magnaudet*? and Y. Hallez*

Based on direct numerical simulation, we investigate the statistical structure of a low-Reynolds-number turbulent
flow generated by destabilizing buoyancy forces in a long circular pipe closed at both ends and tilted at an angle
of 15° from vertical’. The flow, which combines features of Rayleigh-Taylor turbulence and homogeneous
sheared turbulence, is found to involve a rich phenomenology with striking differences compared with pressure-
driven flows. Owing to the transverse stabilizing stratification and axial density gradient, the turbulent shear
stress and transverse density flux vary in a quadratic manner across the pipe cross section, decreasing from a
maximum on the axis to near-zero values at the outer edge of the near-wall region. Turbulence is essentially
produced near the axis, both by negative buoyancy and shear, and diffuses toward the periphery. Most of its
dissipation takes place within a thin near-wall region, so that production significantly exceeds dissipation over
most of the pipe section. The wall is observed to significantly affect the energy redistribution among the three
fluctuating velocity components. Owing to this influence, the closely related density and axial velocity
fluctuations reach their maxima at the core periphery, while the spanwise and crosswise velocity fluctuations
decrease monotonically from the axis to the wall. The two-point statistics reveal that the large-scale structure,
especially that of the density field, keeps track of the long plumes that travel up and down along the pipe. The
small-scale structure is found to be deeply influenced by shear and negative buoyancy almost down to the
smallest scales, with marked anisotropy and unusually large velocity-derivative skewness coefficients. To get
some insight into the connection between turbulent fluxes and density gradients, we introduce a two-time
algebraic model of the former in which we inject numerical data to determine all components of the diffusivity
tensor. This tensor is found to be strongly non-diagonal and its components to be significantly modified by axial
and transverse buoyancy effects. We determine an eddy viscosity and an eddy diffusivity for the turbulent shear
stress and transverse mass flux, respectively, the ratio of which reveals that the Reynolds analogy holds within
the central part of the flow, whereas nonlocal effects dominate over a large peripheral region.

2 Institut de Mécanique des Fluides de Toulouse (IMFT), Université de Toulouse — INPT, Allée du Professeur Camille Soula, 31400,
Toulouse, France.

b CNRS, IMFT, 31400, Toulouse, France.

¢ Laboratoire de Génie Chimique (LGC), Université de Toulouse — UPS, 118 Route de Narbonne, 31062, Toulouse, France .

d CNRS, LGC, 31030, Toulouse, France.

1 Hallez & Magnaudet, . Fluid Mech. submitted (2014).

Figure 1: Sketch of the geometry and instantaneous view of the density field in a short central section of the pipe.
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Wave energy cascade in forced-dissipative one-layer shallow-water flows

Pierre Augier! and Erik Lindborg?

The dynamics of one-layer shallow-water flows forced in medium-scale wave modes and dissipation acting at
small scales is investigated by means of theoretical analysis and numerical simulations with resolutions up to
76802,

We first focus on the non-rotating case for which a statistically stationary regime is obtained for all resolutions
and Froude numbers F_f = P/(k_f ¢), where P is the energy dissipation rate, k_f the forcing wave number and ¢
the wave speed.

All the injected energy goes into a downscale energy cascade. Consequently, the spectral energy flux is constant
and positive between the forcing wave number and the wave numbers where dissipation is active. The spectral
energy flux is exactly equipartioned between kinetic and potential energy. An exact third order structure function
law of Kolmogorov type is derived and numerically verified. However, the downscale cascade is less efficient
than in three-dimensional Navier-Stokes turbulence, since the mean energy of the statistically stationary flow
scales as \sqrt{P ¢ /k_f} and vaties with the dissipative scale. Moreover, the spectra scale as k™{-2} and the
structure functions of order larger than two scale approximately as the separation scale r. This intermittent
scaling is explained by a simple model based on the assumption that the statistics is totally determined by
discontinuities due to hydraulic jumps. These structures are common in these flows as can be seen in the figure
showing a snapshot for F_f = 0.005 (the arrows represent the velocity and the colours the layer thickness).

It is verified that the dynamics is not drastically modified by system rotation as long as the forcing wave number
is larger than the deformation wave number k_d = f/c, where fis the Coriolis parameter.
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Two-point statistics in variable-viscosity temporal mixing layer

N. Taguelmimt?, .. Danaila® and A. Hadjadj?

Predicting turbulence statistics is a difficult task because of the presence of a very large number of scales
within any turbulent flow, and the complex way the energy travels between different scales, thus making any
theoretical analysis challenging. The theory of Kolmogorov (1941) premises that small-scale turbulence at
infinitely large Reynolds numbers is statistically independent of the large scales, and is stationary, homogeneous
and isotropic. The statistical properties of the small scales should be determined universally by v and <e¢> (the
kinematic viscosity and the mean energy dissipation rate). Inertial range statistics (if the Reynolds number allows
one to exist) should be determined by <¢> only.

However, in flows involving two fluids with different viscosities, the basic theory of turbulence clearly fails
and many physical concepts should be carefully reconsidered. Little attention has been paid to the variable
viscosity turbulent flows, which is the most relevant for practical applications (e.g. combustion). The objective of
the present investigation is to assess the effects of viscosity variations in low-speed temporally evolving turbulent
mixing layers characterized by a velocity difference of AU across the vertical direction Y (the two other
directions X and Z are considered as homogeneous).

Direct Numerical Simulations (DNS) are performed for several viscosity ratios, R,=Vvi/va, varying between 1
and 9, whereas the density ratio Ry=pi1/p2=1 is kept constant. The space-time evolution of Variable-Viscosity
Flow (VVF) is compared with the Constant-Viscosity Flow (CVF for which R,=1). The initial Reynolds number,
based on the initial momentum thickness, g0, is Reggo= (AU 8g0)/vref = 160 for the considered cases. The
viscosity reference is the mean viscosity between the two streams 2vref = (vl + v2). The simulations are
conducted up to the dimensionless time 1=t AU/84,,=400. It is shown that in VVF (with respect to CVF):

i) Large-scale quantities (e.g., mean velocity profile) ate affected by the viscosity variations, thus dispelling the
myth that viscosity is a ‘small-scale quantity’.

ii) Turbulent fluctuations are created earlier in VVE. Therefore, they are more developed at the same time. This
is illustrated by both an enhancement of the total kinetic energy of the VVF velocity field (Fig. 1 (a) where
turbulent structures are illustrated through the Q criterion), as well as a promotion of small-scale energy
distribution. Fig. 1 (b) represents the second-order structure functions of the vertical velocity component v,
S2v(r) normalised by the variance of v, as a function of the scale r (normalized by the Kolmogorov scale). VVF
exhibits larger values of Sa(r) than the CVF, thus suggesting a more important amount of energy at smaller
scales. The issue of the scaling ranges will be addressed in the full paper. Lastly, the energy transfer at a scale r
(quantified through the third-order structure functions, not illustrated here) is enhanced for VVF, thus
suggesting an accelerated cascade, most likely due to the presence of the coherent structures, but also to the
viscosity variations. These effects will be clearly assessed in the full paper.

*CORIA UMR 6614, Université and INSA de Rouen, BP 12 76801 Saint Etienne du Rouvray, France.
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Velocity statistics in turbulent Couette flow up to Rer=1000
M. Bernardinil, S. Pirozzoli?, P. Orlandi?

Couette flow is probably the most canonical prototype of wall-bounded flow, featuring zero pressure
gradient, and hence constant total stress. As a matter of fact, Couette flow has served as a basis for several early
investigations of the mechanisms of self-sustainment of the near-wall turbulence. Despite its utmost theoretical
importance, it appears that Couette flow has received much less attention from both experiments and DNS
investigations than Poiseuille flow, mainly because of severe technical difficulties in the experimental set-up, and
the need to use very large computational boxes in numerical simulations. Hence, the currently explored range of
friction Reynolds number in DNS extends to Re.=170, approximately. Experiments achieve higher Reynolds
number, but typically exhibit wide scatter in the flow statistics.

It is the purpose of this contribution to extend the range of available Reynolds numbers to values close to
those reached in Poiseuille flow. For that purpose, a series of DNS have been performed in a relatively wide
computational box extending for 12nhx4nh , where h is the channel half-height. Flow statistics have been
collected over a very long time interval, to make sure that the effect of the long coherent structures which form
in the channel core are propetly averaged out. The mean velocity profiles are shown in figure 1a. A wide region
with nearly logarithmic behaviour is observed, with log-law constants k=0.41, C=5.0, as in the classical theory It
is worth noticing that recent DNS of turbulent Poiseuille flow at Re: up to 4000 indicate, on the other hand,
that k=0.386, C=4.30. The streamwise velocity variance is shown in figure 1b for various Reynolds number. The
same increasing (near logarithmic) trend also noticed in Poiseuille flow is observed, and associated with the
influence of Townsend's inactive motions. Most interesting, an outer enetgetic peak seems to emerge in the
outer part of the wall layer at Re; =1000, whose existence has been speculated for Poiseuille flow, and associated
with the increased activity of h-scaled outer eddies.

A full account of the results, including wall friction, mean core velocity profile, and additional velocity
statistics, will be presented.
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Figure 1: eDistributions of mean velocity (a) and streamwise velocity variance (b) in wall units for Re, =180 (dashed), Re,
=250 (dash-dot), Re: =500 (dash-dot-dot), Re. =1000 (solid).
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UNFOLDING OF NON-SIMPLE DEGENERATE STREAMLINE PATTERNS
NEAR A NO-SLIP WALL WITH APPLICATION TO BOUNDARY LAYER
ERUPTION

A. Balci®, M. Brons?

In incompressible two-dimensional flows one can find the streamline patterns using a Taylor expansion of
the stream function ¢§. The stream function close to a no-slip wall can be expanded as

Y =y2 Z Apm+2 xnym M

n,m=0

where the wall is located at y = 0. The coefficients ay, p, are functions of the physical parameters of the flow and
time if the flow is unsteady. The streamlines are found from the differential equations

0y P
~ oy’ ox
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The topology of streamlines of (1) has been considered by many authors, e.g. [1, 2, 3]. Important object in a
topological analysis is the critical points of the stream function. A critical point occurs on the wall if ag, = 0.
The Jacobian matrix is written as

_(Ux Uy\  (2a5, 3ag3
]_(vx Uy)_( 0 —a1,2)' ®

When the Jacobian matrix is regular, the origin is a point of separation or attachment. If the Jacobian is not
regular, the critical point is structurally unstable: arbitrarily small variations of the parameters may give rise to a
change of the topology of streamlines. One is interested in obtaining an unfolding of the degeneracy, that is, a
bifurcation diagram showing all possible streamline patterns that can occur when the parameters are close to
degeneracy.

The critical point has a simple degeneracy if a; , = 0, a3 # 0. The unfolding of this case is studied in detail
in [1, 2]. If a;, = 0,a43 = 0, the origin is a non-simple degenerate point. The bifurcations occurring in this

2
case under the non-degeneracy conditions a;, # 0, dg4 = % - % # 0 are studied by Hartnack [2]. We
study the case where the condition dg4 # 01is broken, ie. @gy = a1, =ag3 = dgsa =0, a3, # 0. Using
these conditions, the stream function is expanded to higher order. By a normal form approach we obtain the
complete unfolding and show it depends on three parameters. We sketch the bifurcation diagram which includes
both local and global bifurcations.

We apply our theory to give a systematic description of the topological changes of the streamline pattern that
occur during a boundary layer eruption or separation. Kudela and Malecha [4] investigated numerically the
boundary-layer eruption caused by a two dimensional patch of vorticity above a wall. We show that all the
streamline bifurcations that are observed at moderate Reynolds numbers can be explained by the bifurcation
diagrams we have found.

? Department of Applied Mathematics and Computer Science, Technical University of Denmark, Building 303B, DK-2800, Kgs.
Lyngby, DENMARK
Bakker, Bifurcation in Streamline Patterns. Kliver Academic Publishers, (1991).
2 Hartnack, Acta Mechanica 136, 55-75 (1999)
> Brons, Advances in Applied Mechanics 41, 1-42 (2007)
* Kudela and Malecha, Fluid Dynamics Research 41, 055502 (2009)
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Influence of compressibility on the vortex force

R. Tognaccini* and B. Mele?

A new exact expression of the aerodynamic force acting on a body in steady high Reynolds number (laminar
and turbulent) compressible flow is proposed. The aerodynamic force is obtained by integration of the Lamb
vector field, given by the cross product of vorticity times velocity. The theory links the force generation to local
flow properties, in particular to the Lamb vector field and to the kinetic energy.

In incompressible flows, the idea to compute the aerodynamic force in terms of vorticity integrals is not new.
Noca et al.!, for instance, proposed a method limited to unsteady conditions. The analysis of steady flow could
be obtained by replacing  vorticity with the Lamb vector? The price to be payed is, however, the need to
perform a volume integration of the Lamb vector (the vortex force), less suitable for post processing
experimental data. Marongiu and Tognaccini® extended the latter to the analysis of high Reynolds number
turbulent flows. These expressions highlighted the key role played by the Lamb vector field on the generation of
the aerodynamic force.

Another interesting feature of these formulae is the possibility to express the aerodynamic force in terms of
volume integrals of a limited part of the flow domain (#d field method): the body boundary layer and wake, an
alternative to the straight forward formulae obtained by the momentum integral equation with surface integrals
of momentum flux far from the body (far fie/d method) of by body surface integration of stresses (near field
method).

It is here proposed the extension to compressible flow of the method proposed by Marongiu and Tognaccini.
In case of steady, two-dimensional, uniform laminar flow around a body the new obtained exacs formula for the
acrodynamic force is

E=-)(pl+m,)dQ~ | r=(nx pl)ds,
o) s
wherte p is the fluid density, /is the Lamb vector, ris the position vector, £ is a portion of the fluid domain

surrounding the body and containing the boundary layer and wake, § is its external surface with outward unit
normal vector z. M, =—I X [Z X (V 2/ ZZp)]is the explicit compressibility correction term. It can be easily

verified that also in this case the integration can be limited to the rotational region. In presence of curved shock
waves we only have to add the shock wave wakes. An equivalent formula has been obtained for turbulent flows
considering Favre averaging of the fluid properties. The proposed equation provides a straightforward
breakdown of the aerodynamic force in lift (given by the volume integral on Q) and drag (given by the surface
integral on ).

The theoretical results are confirmed analyzing numerical solutions obtained by a standard RANS solver.
Results are discussed for the case of a two-dimensional airfoil in subsonic, transonic and supersonic free stream
conditions. The results evidence interesting features of the compressible regime. For low Mach numbers the
aerodynamic force only depends on the Lamb vector field. As the Mach number increases the Lamb vector
contribution to lift (vortex force) diminishes and is compensated by the compressibility correction term. An
interesting relation between vortex force and Kutta-Jukovskij force (proportional to the circulation around the
body) is also evidenced by the theoretical and numerical analysis.

* Dipartimento di Ingegneria Industriale, Universita di Napoli Federico IT, Naples, Traly
! Noca et al., J. Fluids and Struet., 13, 5, 1999.

2 Wu et al., J. Fluid Mech., 576, 2007.

3 Marongiu and Tognaccini, ALA4A J., 48, 11, 2010.
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On some analytical solutions for Navier-Stokes equations

Francisco ]. SAnchez-Bernabe?

In this work we review several particular analytical solutions for Navier-Stokes equations! . The
first one is for primitive variables (velocity and pressure) and then, some analytical solutions for
Vorticity-stream funciton formulation are considered. The most common benchmark problem to
test a code that solves Navier-Stokes equations is the driven cavity, Erturk et al?, due to the
simplicity of geometry and also the fact that the Dirichlet boundary conditions are constant.

However, the discontinuity of velocity at the upper corners have motivated several authors to
propose alternative problems. One of them is the backward step channel, Hossain et al?, which
involves a more complicated geometry. Shih et al%, have considered a similar problem to lid cavity
problem, but the boundary conditions are continuous. Another possibility is concerned with jet
injection in rectangular> and squareS cavities.

With respect the Vorticity-stream funciton formulation’, Chadna et al® , have proposed three
types of analytical solutions by studying generalized Beltrami flow when the vorticity function
present a special form. Also, Polyanin and Zaitsev® present some solutions. Kumar and Kumar??
obtained three new analytical solutions by using the Similarity Transformation Method. Mutiel and
Dresden'! have presented a 3D analytical solution.

a Dep Matematicas, Universidad Auténoma Metropolitana Iztapalapa, 09340 México, D F, Mexico

1 Temam R, Navier-Stokes equations: theory and numerical analysis, North-Holland (1984)
2 Erturk et al., Int. J. Num. Meth. Fluids 60, 275 (2009).

3 Hossain et al, Int ] Eng Research & Tech 2, 3700 (2013).

4 Shih et al, Int. J. Num. Meth. Fluids 9, 193 (1989).

5 Bregeren, SIAM ]J. Sci. Comput. 19 No 3, 829 (1998).

6 Glowinski, Num meth for fluids, Part 3 (Handbook of Num Analysis IX) Elsevier (2003).
7 Majda, Vorticity and incompressible flow, Cambridge University Press (2002).

8 Chadna et al, Internat. ]. Math. & Sci. 17, No 1, 155 (1994)

9 Polyanin and Zaitsev, Handbook of Nonlinear Partial Diff Eq, Chapman & Hall (2004)
10 Kumar M and Kumar R, Meccanica, 49, 335 (2013)

11 Muiriel and Dresden, Physica D 101, 297 (1997)
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Variational Formulations for Viscous Flow

M. Scholle? and F. Marner?

For physical systems, the dynamics of which is formulated within the framework of Lagrange formalism the
dynamics is completely defined by only one function, namely the Lagrangian. As well-known the whole
conservative Newtonian mechanics has been successfully embedded into this methodical concept. Different
from this, in continuum theories many open questions remain up to date, especially when considering dissipative
processes. The viscous flow of a fluid, given by the Navier-Stokes equations is a typical example for this.

Two different approaches are used for finding a Lagrangian for viscous flow: in case of steady flow a first
integral of the Navier-Stokes equations has been found recently?. By a slight modification a set of self-adjoint
equations is obtained leading to a respective Lagrangian. Different form this, for unsteady flows universal
symmetries and associated Noether balances are considered!. The equations of motion resulting from the
suggested Lagrangian are compared to the Navier-Stokes equations. Differences become manifest in a different
form of the viscous terms, including their order (third order instead second order terms), but also in an
additional field, the thermasy, appearing explicitly.

For some simple flow geometries solutions are calculated and compared to those of the Navier-Stokes
equations. By means of three flow examples of prototypic character, the flow over a suddenly moving plate, the
plane Couette flow and the decay of a vortex (see Fig. 1), is has been demonstrated that the phenomenon of
viscosity is taken into account, as required. In case of the steady example, the Couette flow, the wellknown
solution of Navier-Stokes equations has been exactly reproduced, whereas the two unsteady examples revealed
some quantitative differences in the profile compared to the solution of the original Navier-Stokes equations.

Perspectives toward a further improvement of the method are discussed.

References:

1. M. Scholle, Proc. R. Soc. Lond. A 460 (2004) 3241-3260
2. M. Scholle, A. Haas and P. H. Gaskell, Proc. Roy. Soc. Lond. A 467 (2011) 127-143
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Figl: Decay of a vortex.

* Institute for Automotive Technology and Mechatronics, Heilbronn University, D-74081 Heilbronn, Germany
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On a potential-velocity formulation of Navier-Stokes equations

F. Marnera, P. H. Gaskellb and M. Scholle2

Computational methods in continuum mechanics, especially those encompassing fluid dynamics, have
emerged as an essential investigative tool in nearly every field of technology. Despite being underpinned by a
well-developed mathematical theory and the existence of readily available commercial software codes, computing
solutions to the governing equations of fluid motion remains challenging, especially if nonlinearities and free
surface problems are involved. Therefore, there is a continuous demand for developing new efficient methods in
continuum mechanics.

Recently, by introduction of an auxiliary potential field, a first integral of the two-dimensional incompressible
Navier-Stokes equations has been constructed leading to a set of equations, the differential order of which is
lower than that of the original equations!2. In this talk the new formulation is shown to be naturally extendible to
full three dimensional problems, including to free surfaces along which a dynamic boundary condition has to be
considered. In principle the method is not restricted to Newtonian fluids but can also be applied to fluids
implicating more complex material laws, for instance to fluids with viscoelastic character.

The potential-velocity formulation of incompressible Navier-Stokes equations requires the development of
new but potentially advantageous numerical solution methods. Numerical methods and their application to
selected flow problems are presented in the talk and results are shown in order to demonstrate the capabilities of
the first integral formulation. In the case of free surface flow the dynamic boundary condition can be reduced to
a standard Dirichlet-Neumann form, which allows for an eclegant numerical treatment. See below for two-
dimensional results of thin gravity-driven film flow, generated by an implementation of the new approach.

: Dep. Autom. Technology and Mechatronics, Heilbronn University, D-74081 Heilbronn, Germany

® School of Engineering and Computing Sciences, Durham University, Durham, DH1 3LE, UK
! Scholle et al., Proc. R. Soc. Lond. A 467 (2011).
2 Ranger, Quart. J. App. Math. 52 (1994)

Figure 1: Thin gravity-driven film flow over corrugated substrate with inclination angle o: Increasing Reynolds number
from left (Re = 30) to right (Re = 50).
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Parity violation in two-dimensional fluids

A. Lucas!, P. Suréwka?

Recent progress in physics has demonstrated that isotropic fluids in two spatial dimensions generically have
parity-violating terms in the equations of motion [1]. Such parity-violating terms are known to be present in
fractional quantum Hall fluids and topological insulators [2], and are expected to be present in fluids consisting
of chiral molecules as well [3]. In 2+1 dimensions, one such possible term involves the dissipationless Hall
viscosity, which is a first order correction on the same footing as the standard shear and bulk viscosities. The
effects of parity-violation and Hall viscosity on an external probe sitting in an incompressible fluid have been
studied, where there are new stresses normal to the surface. However, the effects of parity-violation on the
hydrodynamic flows themselves are poorly understood, as the Hall viscosity is effectively a “topological” surface
term in the incompressible Navier-Stokes equation [4], and so more terms must be added to see new physics
away from boundaries. In this talk we will provide examples of the effects of parity-violation in a variety of
flows, including both incompressible and compressible flows, isothermal flows and flows with temperature
gradients. We focus on the possible experimental signatures of parity-violating fluids that are observable in the
absence of external probes or boundaries. As examples, we will study the consequences of the parity-violating
terms in the Poiseuille and Couette flows, and in the normal modes of waveguides, when the Hall viscosity
depends on the position, and demonstrate chiral corrections to the standard results. We also demonstrate the
presence of modified sound propagation with “helicon” waves in a dissipationless limit, and present new
phenomena for compressible flows in magnetic fields (See Fig. 1). Moreover, we will study the corrections due
to parity-violation in the Rayleigh-Benard convective instability in the Bousinessq approximation, and explain the
role of new parity-violating terms in thermal transport, where the effects are most pronounced.

Dep. Physics, Harvard University, Cambridge, MA, USA

Center for the fundamental Laws of Nature, Harvard University, Cambridge, MA, USA

! Jensen et al,, JHEP. 05, 102 (2012).

2 Hughes et al, Phys. R
3 Andreev et al, P

4 Avron, J. Stat. Phys. '

Figure 1: Example of robust hexagonal pattern of fluid (x-velocity pictured). This flow is stabilized by a magnetic field
and a small speed of sound. Flows such as this are unstable without Hall viscosity.
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Free Surface Flows

Liquid Films
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EXPANDED COANDA EFFECT

loan Rusu
Electrica Serv Romania

ioandanrusu@yahoo.com

The fluid flow, liquids and gases, on solids, pursue the solids surface. This phenomenon was discovered by Henry
Coanda and was named the Coanda effect ( Figure 1).

Figure 1

By simply researches, the author loan Rusu discover that the Coanda effect could be expanded also for fluid flow on
discontinuous solids. Practically, was demonstrate that on a solid surface with many orifices and at a special angle and for
minimum speed of a fluid, on the surface of solid, the fluid follows the apparent surface of solid as a continuous sheet
(Figure 2,3 and 4).
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Figura 3

Figura 4

In Figure 3, it can see that the fluid sheet follow the surface of discontinuous solid on both side. The phenomenon
of fluid flow on discontinuous solid surface as a continuous sheet was named by author loan Rusu, the expanded Coanda

effect.
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Figure 4

APLICATION for EXPANDED COANDA EFFECT:

ANTITHERMAL SHIELD FOR ROCKETS WITH HEAT EVACUATION BY INFRARED RADIATION REFLECTION

At high speed, the friction of air mass with the rocket surface produce local heating more than 1000 °C. For heat
protection of rocket, on their outside surface are install antithermal shields.

Studing Coanda effect, respectively, the fluid flow on solids surface, the author loan Rusu discover by simply researches
that the Coanda effect could be expanded also for the fluid flow on discontinuous solids, respectively, on solids with orifices.
This phenomenon was named by the author, the expanded Coanda effect.

Start with this discovery, the author loan Rusu invent an antithermal shield, registered at Romanian Patent Office,
OSIM, deposit F 2010 0153

This antithermal shiled:

is built as a covering rocket sheet with many orifices install with a minimum space from the rocket body

take over the heat fluid generate by the frontal part of rocket and avoid the direct contact of heat fluid with the
body of the rocket
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- assure the evacuation of infrared radiation, generate by the heat fluid who flow on shield by expanded Coanda
effect by reflection from rocket body surface
NOTE: for participation of this conference, | need financial support ( sponsorship ) to paid registration and hotel.
Thank you,

loan Rusu



170

The effect of soluble surfactants on the linear stability of liquid film flow

G. Karapetsas! and V. Bontozoglou?

The formation of instability waves in gravity-driven liquid films flowing down inclined surfaces is of
importance in a broad range of engineering, geophysical and biomedical applications. It is known that these
instabilities can be significantly affected by the presence of surfactants, and the role of insoluble surfactants (i.e.
species that are assumed to reside only on the interface) has been repeatedly addressed!. Soluble surfactants have
been investigated to a lesser extent, and a mechanistic understanding of their role appears to be missing. These
species are expected to exhibit more complex behaviour, because interfacial dynamics is intricately coupled with
mass exchange with the bulk.

In the present work, we investigate analytically and computationally the linear stability of liquid film flow
in the presence of a surfactant of arbitrary solubility. The Navier—Stokes equations are supplemented by mass
balances for the concentrations at the interface and in the bulk and by a Langmuir model for adsorption-
desorption kinetics at the interface. The resulting linear eigenvalue problem is solved analytically in the limit of
long-wave disturbances and numerically (by a finite-element method) for disturbances of arbitrary wavelength.

The instability is shown to be a long-wave one, and to depend only on surfactant solubility and interfacial
concentration. Insoluble surfactants stabilize the flow most effectively at maximum concentration (closest
interfacial packing), whereas strongest stabilization moves to lower concentrations with increasing solubility.
Disturbances of finite wavelength are found to be significantly more stable than long-wave ones, because
interfacial gradients are intensified by the shorter length scale. Also, sorption kinetics begins to play a a key role,
with very slow kinetics leading to a virtually frozen interface and an insoluble-like behaviour?.

The analysis permits an extention of the physical mechanism of the long-wave instability in order to take
into account the presence of the surfactant. The longitudinal flow perturbation, known to result from the
perturbation shear stress which develops along the deformed interface3, is shown to contribute a convective flux
that triggers an interfacial concentration gradient. This gradient is, at leading order, in phase with the interfacial
deformation, and as a result produces Marangoni stresses that stabilize the flow. The strength of the interfacial
concentration gradient is shown to be maximum for an insoluble surfactant and to decrease with increasing
surfactant solubility. The decrease is explained in terms of the spatial phase of mass transfer between interface
and bulk, which mitigates the interfacial flux by the flow perturbation and leads to the attenuation of Marangoni
stresses.

Dept. Mechanical Engineering, University of Thessaly, 38334 Volos, Greece

Dept. Mechanical Engineering, University of Thessaly, 38334 Volos, Greece
1 Pereira & Kalliadasis, Phys. Rev. £ 78 (3), 036312 (2008).

2 Karapetsas & Bontozoglou J. Fluid Mech. 729, 123 (2013).

3 Smith, J. Fluid Mech. 217, 469 (1990).
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Creating localized drop train in a liquid film by traveling thermal waves

A. Oron 2, V. Frumkin b, Wenbin Mao ¢ and A. Alexeev ¢

Using long-wave theory and direct numerical simulations (DNS) of the Navier-Stokes and energy equations, we
investigate the nonlinear dynamics of a bilayer system consisting of a thin liquid film and an overlying gas layer
driven by the Marangoni instability. The bottom solid substrate is heated in the form of periodical thermal waves
propagating along the substrate with a constant frequency w. In the case of a stationary thermal wave, w=0, the
liquid film rupture takes place with a flattish wide trough when both Marangoni number and the amplitude of
the thermal wave are sufficiently large. Regimes in which the film forms a train of localized drops traveling along
the substrate arise for sufficiently small, but non-zero w. In this case, localized traveling drops are interconnected
by thin liquid bridges with negligible small flow velocities, see curve 1 in Fig.1a. With an increase of w, the
interfacial profiles represent traveling waves with less localized shapes. We show that the liquid is trapped inside
the drops during the drop train motion, see curve 1 in Fig, 1b, and the total flow rate ¢ is linearly proportional to
®. When the minimal thickness of the bridges between consecutive drops is increased, a faster flow rate ¢ can be
achieved than in the localized drop-train configuration. In this case, however, fluid in the bridges has the
negative (backward) velocity and can migrate from one drop to another, see curve 2 in Fig, 1b, thereby leading to
a gradual exchange of the content of drops in the train. Thus, the localized drop-train mechanism can be tuned
to allow for the delivery of the entire drop content in the direction of the thermal wave propagation.

4 .
L (a) TN i

3 / —

Figure 1: Evolution of the liquid film in a bilayer gas-liquid system for a certain set of parameters. (a) Curves 1-5
show interfacial shapes A(€) of the film in the saturated state as a function of the longitudinal coordinate C scaled with the
period size for increasing values of w. The solid and dashed cutves correspond to the DNS and the long-wave theory,
respectively. Note that DNS computation fails for the smallest value of w. (b) Variation of the flow rate ¢ within a periodic
domain. Curves 1 and 2 correspond to the cases displayed by curves 1 and 5 in (a).

? Dep. Mechanical Engineering, Technion- Israel Institute of Technology, Haifa, 32000 Israel
b Dep. Mathematics, Technion- Israel Institute of Technology, Haifa, 32000 Israel
€ Woodruff School of Mechanical Engineering, Georgia Institute of Technology, Atlanta, GA 30332, USA



Experiments on the evolution of traveling waves over an undulated
incline

Daniel Reck?, Nuri Aksel®

We present experimental results on the evolution of traveling waves over a
strongly undulated incline. In order to investigate the difference between waves in the
lineatly stable and unstable region, we set the Reynolds number near the neutral curve.
That way, we were able to cross the neutral curve by increasing the frequency of
excitation, without changing the velocity field of the basic flow. The amplitude of
excitation was also varied, to analyze the evolution of both linear and nonlinear waves.
We were able to increase the resolution of our measurements significantly by dividing
the traveling waves into fragments. In order to receive the wave over the whole length
of our channel, we reassembled the fragments by using the periodic nature of the
traveling waves.

We report on a rich variety of phenomena, including:

a) energy transfer from the excitation frequency to its higher harmonics

b) the growth rate of the traveling waves

¢) the stability of traveling waves depending on its amplitude

d) the amplitude of saturation depending on the excitation frequency

e) the phase velocity of the traveling waves being equal to the phase velocity of a
corresponding Nusselt flow.

To our knowledge, this is the first experimental work on the development of
traveling waves over strongly undulated substrate geometries. For further information,
we refer to our publication in Physics of Fluids!

* Dep. Applied Mechanics and Fluid Dynamics, University of Bayreuth, Germany
I Reck and Aksel, Phys. Fluids, 25, 102101 (2013)
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Experiments beyond the limits of Nusselt theory:
The linear stability of gravity-driven films over undulated inclines

M. Schérnera, D. Reck? and N. Aksels

We present experimental results on the linear stability of gravity-driven films over
strongly undulated inclines. Within our parameter study we vary the Reynolds number,
the liquid’s viscosity and the inclination angle of the substrate. Furthermore, we
change the frequency of the linear disturbances which we impose to the basic flow.
That way, we obtain stability charts which show a rich variety of phenomena induced
by the undulation of the incline: We found a slight destabilization as well as a very
significant stabilization of the flow compared to the corresponding Nusselt flow.
Moreover, we report on transmutations from long-wave to short-wave type
instabilities. Even a fragmentation of the stability chart, which leads to stable and
unstable isles, is observed.

Our study extends former approaches'? and explores the above-mentioned
complex stability behavior of gravity-driven films over strongly undulated inclines in-
depth. We are now able to classify the stabilizing and the destabilizing effects.
Concerning the stabilizing effects, we identified a significantly increased mean film
thickness of the flow due to the undulation compared to the corresponding Nusselt
flow. Consequently, this leads to a decreased average flow velocity and hence the flow
is stabilized. Beyond this, we proved the destabilizing effect of hydraulic jumps and a
strongly curved free surface of the liquid. This enabled us to explain the fragmentation
of the stability charts and thus the existence of stable and unstable isles — phenomena
which clearly exceed the limits of Nusselt’s theory.

* Dept. Applied Mechanics and Fluid Dynamics, University of Bayreuth, Germany
1 Pollak et al., Phys. Fluids 25, 024103 (2013)
2 Cao et al., J. Fluid Mech. 718, 304-320 (2013)
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Liquid Film Coating over Patterned Substrates
with Air Inclusion inside the Trench

P. K. Nguyen!, M. Pavlidis?, Y. Dimakopoulos? and . Tsamopoulos?

Although film flow over topography has been studied extensively when the substrate is in full contact with
either Newtonian!?? or nonNewtonian* liquids, the very interesting case of partial contact has not yet been
addressed. Particularly, the liquid film forms inside the trench an air inclusion where the inner interface is
bounded between three-phase contact points. The latter are either fixed at the top sharp-edges of the trench or
may translate along its side or bottom boundaries. These types of arrangements have important effects both on
microelectronic applications and on microfluidics (supet-hydrophobic sutfaces). One such configuration is
numerically studied and depicted in Fig. 1. We want to predict shapes of air inclusions for Newtonian liquid by
solving the 2D steady Navier-Skokes equations using the mixed Galerkin finite element method and the quasi-
elliptic mesh generation methodology>.

While keeping the same liquid, trench geometry and contact angles, the inertial effect on the air-inclusion is
not so trivial. For example, in the range 0<Re<6, the air inclusion shrinks to its minimum size at an intermediate
value of flow rate, Re=3. This is due to the complicated coupling between capillary and inertia effects resulting in
a large deformation of the outer free surface. The capillary ridge3# is closer to the trench entrance and forces the
liquid more effectively into it. At lower inertia, Re=0.3, the capillary ridge stays further upstream. That weaker
capillarity around the step in cannot force liquid into the concave corner and leaves an empty space therein.
Whereas at higher Re=0, inertia flattens both interfaces up to the capillary depression3#. The higher inertia on
the one hand helps the liquid circumvent the trench and one the other hand requires a larger capillary depression
to push the liquid out of the trench. Overall, air inclusion growth is observed to couple with the contraction of
the cross section of liquid film around the step-in.

Using pseudo arc-length continuation, we have computed the parametric evolution of both free surfaces and
generated several solution families. This method was required to capture turning points, and multiplicity of
solutions for the same parameter values®. Finally, in the examined parameter space, the free surfaces, the contact
lines and the flow field vary in a complex way in terms of the flow rate and liquid properties.

Dep. Chem. Eng., University of Patras, 26504, Patras, Greece

1 Mazouchi and Homsy, Phys. Fluids, 13: 2751 (2001)

2 Nguyen and Bontozoglou, Phys. Fluids. 23, 052103 (2011)

3 Kalliadasis, Bielarz, Homsy, Phys. Fluids 12, 1889 (2000).

4 Pavlidis, Dimakopoulos and Tsamopoulos J. Non Newt. Fluid Mech, 165, 576 (2010)
5 Dimakopoulos and Tsamopoulos, J. Comp. Phys, 192, 494 (2003).

¢ Kistler and Scriven, J. Fiuid Mech. 263, 19-62 (1994).
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Figure 1: Sketch of the coating flow along a patterned substrate with air inclusion inside the trench.
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Eddy genesis within and the stability of heated films flowing under
gravity on an inclined wavy substrate

S. Veremieiev?, M. Scholleb and P.H. Gaskellc

The problem of interest [1, 2, 3] consists of the two-dimensional, gravity-driven, free-surface laminar, film
flow of a Newtonian liquid over a uniformly heated wavy G cold air @=
substrate, which is inclined at an angle & to the vertical, see 7 cold ait G=6,

Figure 1. There is no evaporation from the surface of the film o

and heating is provided via a source inside the substrate which F(X) 4

generates heat in such a way as to maintain the temperature,

O, at a constant substrate value @),. The air above the film is H(X) ¥

taken to be stationary with constant temperature @, and

pressure P,; the heat transfer at the liquid-air interface is ‘-A\ ‘ X

assumed to follow Newton’s law of cooling. The specific heat, =" >~ [ 7
¢, and the thermal conductivity, A, of the liquid are assumed S(%) hot wall =6},
constant, while the density, p(@), dynamic viscosity, #(@), and A '
surface tension, of6), obey the following temperature Fig. 1. Schematic diagram of gravity-driven

dependencies: p = po/T - 'O, 1 = w1 - 'O, o = op/1 -  flow over a heated wavy substrate, showing

y0J; O, = (@ B @ﬂ) / (@W -0, J; where po, 1y and oy are their the coordinate system adopted and surface
values at the reference temperature @,, while £, 1, ¥’ denote the geometry.

associated thermal expansion, thermo-viscosity, thermo-capillary coefficients, respectively.

First, for the range of parameters of interest a linear stability analysis of the flow is performed to identify the
critical Marangoni number, Maci, for the onset of thermocapillary instability. This is done in the form of the
linearised integral-boundary layer approximation equations and Floquet-Bloch theory [2]. The influence and
importance of substrate waviness, capillary number, Ca, Biot number, Bi, substrate inclination angle, a, and
especially thermo-viscosity and thermal-expansion on Mac is investigated and corresponding neutral stability
curves constructed.

Next, in regions were the flow is stable the underpinning steady-state flow structure, temperature field and
the global heat transfer across the film are obtained via solution of the full Navier-Stokes, continuity and
associated temperature equation. This is achieved using a finite element discretisation of the governing equation
set, based on Bubnov-Galerkin mixed interpolation with the free-surface parameterised via an Arbitrary
Lagrangian-FEulerian (ALE) method of spines. It is shown that thermo-viscosity, thermal-expansion and
Marangoni number all affect the internal flow structure (and heat transfer), in that when they are non-zero a
skewed eddy is observed to be present. Compatisons are drawn with eddy genesis resulting from the subtle inter-
play between inertia and varying surface geometry in the case of isothermal film flow [4, 5, 6].

* School of Engineering, Technology and Maritime Operations, Liverpool John Moores University, Liverpool, .3 3AF, UK
b Institute for Automotive Technology and Mechatronics, Heilbronn University, 74081 Heilbronn, Germany

¢ School of Engineering and Computing Sciences, Durham University, Durham, DH1 3LE, UK
! Haas, PhD Thesis, University of Bayreuth (2010).

2D’Alessio et al., K.A., |. Fluid Mech. 665, 418 (2010).

3 Blyth and Bassom, Proc. Roy. Soc. A, 468, 4067 (2012).

4 Wierschem et al., Acta Mech. 179(1-2), 41 (2005).

5 Scholle et al., Phys. Fluids 20(12), 123101 (2008).

¢ Veremieiev et al., Computers & Fluids, 39, 431 (2010).
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Meandering instabilty of a liquid rivulet on an inclined plane

A. Daerr?, S. Couvreur?, J. Eggers® and L. Limat®

We have investigated the stability of a rivulet of water flowing down on a vertical
glass pane. This system exhibits different flow regimes for increasing flow rate'??3: at
very low flow rate no stream can form and water runs down in distinct drops. As the
flow rate is increased, one observes first stationary, pinned rivulets (straight or
meandering), then non-stationary streams meandering and breaking up, and at even
higher flow rates again straight streams. Our aim was to determine why water does
not always run down along a straight path, namely how straight rivulets become
unstable and start meandering.

In total wetting conditions, where there are no pinning forces, both an experiment
in a Hele-Shaw cell and a theoretical model demonstrate that anisotropic friction due
to the dissipation in the contact lines leads to an inertial instability*. In partial
wetting the pinning of the contact lines suppresses the linear instability mechanism.
The instability still exists however, because a flow rate increase will eventually
increase the contact angle beyond its maximum static value, at which point the
contact line recovers its mobility.

We have recently shown experimentally® that the critical flow rate at which this
happens can be predicted by analysing the initial rivulet shape, specifically its width
and roughness. This dependence of the instability threshold on the shape is due to
the hysteretic nature of contact line pinning. Just as the rupture threshold of solids
depends on pre-existing stresses, rivulets prepared at different widths, contact
angles or contact line roughness will become unstable at different flow rates.

8 MSC UMR CNRS 7057, Physics dep., Univ. Paris Diderot, F-75205 Paris cedex 13

b School of Mathematics, University of Bristol, Bristol BS8 1TW, United Kingdom
! Nakagawa & Scott, J. Fluid Mech. 149, 89 (1984).
2 Culkin & Davis AICAE J. 30, 263 (1984).
3 Kern, Verfahrenstechnik 3, 425 (1969)
* Daerr et al., Phys. Rev. Lett. 106, 184501 (2011).
> Couvreur & Daerr, Europhys. Lett. 29, 24004 (2012).
5 Le Grand-Piteira et al., Phys. Rev. Lett. 96, 254503 (2006).
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Figure 1: (a) Fluid rivulet meander on a glass pane. The white line visible at the highest
magnification (middle) marks the locus of maximum height, and indicates that the rivulet
profile is asymmetric in the bends. (b) The caracteristic bending radius of stationary
meanders is given by an equilibrium of inertial and pinning forces.®
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The important role of aerodynamic measurements for the reliable and cost effective
design of wind turbines

J.G. Schepers, Energy Research Center of the Netherlands, ECN

EFMCI10 conference, Mini-Symposium on Wind Energy Aerodynamics

The presentation addresses results from several projects in which detailed aerodynamic measurements have
been (or will be) used for the validation and improvement of wind turbine design codes.

Important examples are the IEA Tasks 14 and 18 projects which were carried out in the 1990’s and in which
experiments were performed in atmospheric conditions on several wind turbines with diameters ranging from
10 to 27 meters. The unique feature of these projects lied in the measurements of pressure distributions at
different positions along the rotor blade. The IEA Tasks 14 and 18 projects were followed by IEA Task 20 in
which measurements were analyzed as taken by NREL in the USA on a wind turbine with a diameter of 10
meter placed in the large NASA-Ames wind tunnel.

Most of the attention in the presentation will be paid to the Mexico measurements which were carried out on
a rotor with a diameter of 4.5 meter placed in the large Low Speed Facility (LLF) of the German Dutch Wind
Tunnel (DNW). The unique feature of these measurements lied in the addition of PIV flow field
measurements next to pressure measurements along the blade. The Mexico measurements were taken in 2006
after which they were analyzed in a large international consortium within the IEA Task 29 Mexnext project.
The analysis led to unique insights on the flow field in and around a wind turbine and the subsequent impact
on the acrodynamic loads. It also led to recommendations for a future experiment, which is scheduled to be
carried out in summer 2014 on the same 4.5 meter turbine model in the same LLF of DNW.

Other plans on aerodynamic measurements will also be touched upon. In this respect it is important to note
that the aerodynamics community, i.c. the subgroup aerodynamics of EERA, cleatly stated that the time is
ripe for a new public field acrodynamic measurement program on a scale which is at large as possible
(5MW+). The definition of such experiment will be worked out in the recently started EU FP7 AVATAR
project. Other interesting experiments which are expected from AVATAR are high Reynolds number airfoil
measurements in the pressurized DNW-HDG wind tunnel in Gottingen. These measurements are tentatively
scheduled for August 2014.
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Navier-Stokes Computations of the MEXICO Turbine in Yawed
Flow

|. Herrdez?, B. Stoevesandt® and J. Peinke?

In spite of yawed flow being a common issue in wind turbines, the prediction of its
associated loads remains a major challenge for wind turbine designers.
Under yawed flow conditions, the angle of attack becomes a function of (among other
quantities) the azimuth position. Thus, the cyclic variation in angle of attack during a
rotor revolution might lead to dynamic stall, especially at inboard regions of the blade,
where the flow usually presents a higher tendency to separate. Furthermore, at high
angles of attack this region of the blade is also commonly affected by 3D rotational
effects, which make the stall angle to be delayed and the maximum lift to be
enhanced. The combination of dynamic stall and rotational augmentation under yawed
conditions makes the flow in the root region of wind turbines extremely complex and
unsteady.
In this work, we present our efforts for predicting such complex flows by means of
transient Reynolds Averaged Navier-Stokes simulations performed with the open
source numerical tool-box OpenFOAM. The numerical results are validated against the
MEXICO turbine, which offers a unique experimental data set including surface
pressure data and Particle Image Velocimetry (PIV) flow measurements. The
comparison is performed for the turbine operating at 15 m/s and two different yaw
angles, namely 30 and -30 degrees. The wake of the wind turbine is analyzed by
comparing numerical results with axial and radial traverses extracted from the PIV
data. The loads are also validated after integration of the surface pressure data.
First results show that for the wake, the agreement between experiments and
simulations is very satisfactory. However, greater discrepancies arise when the blade
loads are compared. The correct prediction of the hysteris loops associated with the
dynamic stall effect is the main challenge we are working on.

These results highlight the great potential of RANS computations, as well as their
main limitations, for the prediction of complex flows in wind turbines.

a Institute of Physics, University of Oldenburg, D-26111, Oldenburg, Germany
b Fraunhofer IWES, Ammerlander Heerstr. 136, Oldenburg, Germany
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Experiment test and CFD simulation of 5kW horizontal-axis wind turbine flows

Z.W. Li#, L. Chen?, S.M. Li* and D.X. HeP

Although the China wind energy industry has achieved a great progress in the past ten years, the fundamental
research activities are still weak for the wind turbine flow. We are lack of comprehensive knowledges about the
unsteady aerodynamic forces acting on the wind turbine blades. The design tool is mainly based on BEM that
needs more modification in the condition of blade movement such as yaw and pitching. Recently, the China
ministry of science and technology approved several fundings concerning the researches on the aerodynamic
property of wind turbine. It will help to override the gap between the design and the manufactory of large wind
turbines in China.

Computational Fluid Dynamics (CFD) has long been applied successfully to solve the Aeronautic and
Astronautic engineering problems. However, it doesn’t play the same role in the wind turbine design, due to the
complexity of the wind turbine flow. The rotating blades generate strongly nonlinear, unsteady, separated, shear,
unstable and turbulent flows that are considered to be the most difficult problems to model and predict. Despite
its large uncertainty, CFD could provide more knowledges about the flow, helping the engineering model
improvement.

In the paper, we introduce some CFD validation results in China Aerodynaimec Research and Development
Center (CARDC). A 5 kW horizontal axis wind turbine has been designed and the experiments have been
conducted in the 12m by 16m test section in the Low Speed Wind Tunnel in CARDC. The pressure and force
measurements are used to validate the CFD codes, which one is developed with the pressure-based SIMPLE
method and the other with density-based MUSCL method. Both solve the RANS equations. Grid sequence
process from coarse to fine is used to obtain the grid-independent solution (Verification). Different turbulent
models (k-o and k-g, etc) have been compared. Their effects on the flow structure have been analyzed. The
other experiment models, such as from NREL UAE and MaxNext, are also been simulated. Finally, the
uncertanty of the CFD code has been identified.

“China Research and Development Center(CARDC),Mianyang, Sichuan, PRC.
bChina Wind Energy Association(CWEA), Yiheng buildings, East north section of the 3td ring road, Chaoyang district, Beijing, PRC.
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Main results on wind turbine aerodynamics and aeroacoustics
from the DANAERO full scale experiments

H.Aa. Madsen?, C. Bak* and N. Troldborg?

A considerable amount of detailed experimental data on wind turbine aerodynamics and aeroacoustics, such
as e.g. pressure distributions at different radial stations, have been acquired in the past from dedicated wind
tunnel experiments like the NASA Ames experiment conducted in year 2000 on a 10m rotor and the MEXICO
experiment in 2006 using on a 10m rotor. However, one major limitation of the wind tunnel experiments on
model rotors is the lack of the effects of the real atmospheric inflow characteristics (shear and turbulence) on the
aerodynamic and aeroacoustic response. This was the main motivation to conduct the DANAERO experiments
from 2007-2009' where the main focus has been to explore and characterize the influence of turbulence and
shear in the inflow to full scale rotors.

The DANAERO experiments comprised three different major coordinated parts: 1) inflow measurements on
a 3MW, 107m diameter rotor with a five hole pitot tube mounted on one of the blades; 2) inflow and surface
pressure measurements plus high frequency surface pressure fluctuation measurements with flush mounted
microphones on the blade of an 2MW, 80m diameter rotor and 3) wind tunnel measurements of 2D airfoil
section data in different wind tunnels to provide reference data without influence of atmospheric turbulence.

Figure 1: (a) Five hole pitot tube mounted at radius 36m on the 107m diameter Siemens 3W turbine. (b) Ovetview of
instrumentation on the 40m test blade build for installation on the NM80 2MW 80m diameter rotor. (c) The test blade
installed on the rotor.

In the DANAERO II project? conducted from 2011 to 2013 the experimental data from the experiments
have been calibrated and stored into a suitable data base enabling an efficient use of the data. Examples of
studies are shown in Figure 2 and will be further elaborated in the final paper.
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Figure 2: (a) Inboatd surface pressure coefficients computed and measured. (b) Measured position of transition (read line)
on the rotor over 10 seconds. (c) Surface pressure spectra for characterization of trailing edge noise from a microphone
close to the trailing edge in comparison with the TNO model.

* DTU Wind Energy, Campus Risoe, Frederiksborgvej 399, DK 4000 Roskilde
! Madsen et al., ATAA 2010-645, 48th AIAA Aerospace Sciences Meeting, Otlando, Florida 4 - 7 January 2010
2 Troldborg, Bak and Madsen, DTU Wind Energy E-0027, April 2013
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Three-dimensional instability analysis for an optimized Glauert rotor
D. M. Smith?, F. Gémez2, H. M. Blackburn?, and J. Sheridan?

Recent advances in renewable energy include the optimization of offshore arrays of Horizontal Axis Wind
Turbines (HAWT). In this clustered configuration, individual turbine inlet conditions can be significantly
influenced by the wake of upstream turbines. Hence, the understanding of the stability of the HAWT wake,
composed of a system of blade root and tip counter-rotating vortices, is of utmost importance, since large
fluctuations in pressure and velocities exacerbate fatigue loading on individual turbines, besides reducing the
performance. It is desirable to facilitate early breakdown of a turbine wake into small scale flow structures,
particularly when ambient free-stream turbulence is low. Thomsen et al.! and Dahlberg et al.? identified wake
effects playing a significant role in fatigue loading of turbines for low turbulence intensity free-stream conditions.

Outcomes of the three-dimensional stability analysis outlined by Gémez et al.Bl will be presented for a
Glauert optimum rotor wake computed from an Actuator Line computation. The investigation considers
variations to Reynolds number, tip speed ratio and blade geometry. We vary blade geometry such that the root
vortex is generated closer to the tip vortex to investigate the root vortex mutual inductance mode observed by
Sherry et al.¥ in a computational setting. We also examine interactions between root and tip vortices.
Comparisons of leading eigenmodes with varying tip speed operation will elucidate differences associated with
close and loosely spaced vortex systems.

Preliminary results for the three-dimensional analysis applied with Reynolds number of 2000 with base-flow
and eigenmode shown by Figure 1 have identified the mutual inductance mode in the tip and root vortices, as
well as instabilities in the farfield turbine wake consistent with leading modes arising from the linear stability
analysis of an actuator disc turbine wake under similar conditions.

r4

\

Figure 1: a: Turbine base flow, with red/blue iso surfaces showing helical vortex arrangement and green/gold
pressure contours showing blade region. b: Leading eigenmode shown for radial velocity a radial plane at radius
1.15.

2 Dep. Mechanical and Aerospace Engineering, Monash University, Victoria 3800, Australia.
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2 A Dahlberg et al. EWEA Special Topic Conf. 92: The potential of Wind farms, Herning, Denmark (1992)
3 F. Gémez et al., Aerospace Science and Technology, 32, 223-234 (2013)

4 M. Sherry et al. Physics of Fluids 25 (2013)
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Experimental analysis of turbulent mixing in wind turbine and actuator disc wakes

L. E. M. Lignarolo?, D. Ragni?, C. J. Simao Ferreira® and G. J. W. van Bussel?

A common approach to the numerical simulation of wind farms is to model the rotors as actuator discs; this
approach misestimates the effects of flow turbulence and disregards the effects of the tip vortex helix instability.
Consequently the mixing process across the wake interface and ultimately the rate at which the wake recovers
momentum is incorrectly modelled. ? explains how the strong velocity gradients introduced at the wake edges in
the actuator disc model cause unrealistic tutbulence peaks enhancing the near wake dissipation. > show how
results from experiments on a wind turbine and numerical simulations of an actuator disc have discrepancies till
the far wake. The present investigation focuses on the experimental analysis of the different physics governing
the mixing processes in the shear layer of a wind turbine wake and of an actuator disc wake. The experiments are
conducted with high-resolution stereoscopic particle image velocimetry in the OJF wind tunnel of at TUDelft.
The wind turbine model is a 60-centimeter diameter two bladed rotor (see ') and the actuator disc is reproduced
with a porous disc matching the diameter and drag coefficient of the wind turbine. A double decomposition of
the flow is applied and the different terms of the transport equation of the kinetic energy are estimated. The
mean flow kinetic energy fluxes at two wake locations (before and after the onset of the turbine’s wake
instability) are compared with the ones obtained in the wake of the actuator disc. The study will show how the
high kinetic energy of the free stream is entrained in the inner regions of the two wakes: the discrepancies
between the two models will be investigated in their physical origins.

: Dep. Aerodynamics Wind Energy Flight Performance and Propulsion, TUDelft, 1 Kluyverweg, Delft, The Netherlands
! Lignarolo et al., Renew. Energ., (under review) (2014).

2Schepers, J.G. TUDelft. PhD. Thesis (2012).

3Wu and Porté-Agel, Bound-Lay Meteorol 138(3), 345-366 (2011).
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Figure 1: (a) Velocity distribution in the porous disc wake. (b) Velocity disttibution in the wind turbine wake.
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Prediction of the hub vortex instability in a wind turbine wake: stability analysis with
eddy-viscosity models calibrated on wind tunnel data

G. V. Tungo?, F. Violab, S. Camarric, F. Porté-Agel?, and F. Gallaireb

The evolution and downwind recovery of wind turbine wakes are crucial factors for the evaluation of wake-
to-wake interactions within a wind farm and, in turn, for the prediction of wind power harvesting. Wind turbine
wakes are affected by the design of wind turbine blades and the produced aerodynamic loads, by the
characteristics of the incoming wind, such as turbulence, shear, thermal stability, and by the topography of the
site. Moreover, it is observed that dynamics and instabilities of vorticity structures present in a wind turbine wake
can affect remarkably the downstream evolution of the whole wake. Indeed, the flow past a wind turbine is
characterized by the presence of two main large-scale vorticity structures: the helicoidal tip vortices, which
detach from the tip of each turbine blade, and the hub vortex, which is a streamwise-oriented vorticity structure
located approximately at the wake center. The dynamics of these vortices and their mutual interactions determine
their downstream extent. Consequently, these wake vorticity structures can modify significantly the flow
entrainment from the external flow field into the wake, thus the recovery of the wind turbine wake. Instability
modes of the helicoidal tip vortices have been deeply characterized by several authors in the past; however,
dynamics of the hub vortex ate not clearly identified yet.

With this spirit, wind tunnel experiments were performed for the wake produced by a three-bladed wind
turbine immersed in uniform flow. It was observed that the hub vortex is characterized by oscillations with
frequencies lower than that connected to the rotational velocity of the rotor, which previous works have ascribed
to wake meandering. This phenomenon consists in transversal oscillations of the wind turbine wake, which
might be excited by the vortex shedding from the rotor disc acting as a bluff body. In this work, temporal and
spatial linear stability analyses of a wind turbine wake are performed on a base flow obtained with time-averaged
wind tunnel velocity measurements. This study shows that the low-frequency spectral component detected
experimentally matches the most amplified frequency of the counter-winding single-helix mode, and the hub
vortex instability has been spatially reconstructed, as shown in figure 1. Then, simultaneous hot-wire
measurements confirm the presence of a helicoidal unstable mode of the hub vortex, with a streamwise
wavenumber roughly equal to that predicted from the linear stability analysis!.

More recently, stability analysis has been performed taking into account the Reynolds stresses, which are
modeled via eddy-viscosity models calibrated on the wind tunnel data. This new formulation leads to a univocal
detection of the hub vortex instability and the prediction of the related instability frequency.

* Wind Engineering and Renewable Energy Lab (WIRE), EPFL, Lausanne, CH-1015, Switzerland
b Laboratory of Fluid Mechanics and Instabilities (LFMI), EPFL, Lausanne, CH-1015, Switzerland

¢ Department of Civil and Industrial Engineering, University of Pisa, Pisa, 56122, Italy
U Tungo et al., |. Fluid Mech. 737, (2013).

Figure 1: Spatial reconstruction of the hub vortex instability. Iso-surface of the axial vorticity.
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On the tip vortex moving inboard before wake expansion drives it outboard

G.A.M van Kuik?, D. Micalletb, I. Herraeze, D. Ragni?

Several SPIV experiments on model wind turbine rotors!-23 focussing on the flow around the tip have shown
that after being released the tip vortex first moves to a lower radius. This is in contrast to what is generally
assumed, namely that the wake expansion starts immediately. A detailed analysis of one of these experiments, the
2m © TUDelft-B rotor tested in the TUD 3m @ Open Jet Facility, is combined with CFD calculations and a
vortex panel code using the full blade geometry. Figure 1 shows the tip of the rotor, the coordinate system and
the contour of the flow analysis. For 6 chordwise positions of this contour the spanwise and chordwise vorticity,
the associated circulation and the Kutta-Joukowsky loads acting on the chordwise vorticity have been
determined. Figure 2 shows the results as a function of the chordwise position. The squatres show the CFD data,
the diamond marker indicates the experimental data and the triangles present the results of a momentum balance
applied to the experimental data.
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The ratio of the integrated normal force V' and radial force R to the thrust of the blade is 1 to 2%, so the
contribution of the tip loads on chordwise vorticity to the overall rotor load is very small. However, when N
and R are normalized by the thrust at the blade for r > 0.9R, the order of magnitude changes to 10%. N and R
are the components of the conservative load on chordwise vorticity. It is conservative as it does not convert
power and does not generate vorticity, in contrast to the non-conservative load on radial vorticity. Analyses
methods based on the true blade surface, like full CFD or vortex panel codes, automatically take account of the
conservative tip load as part of the pressure distribution. However, analyses methods in which chordwise
information is discarded, like lifting line and actuator
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Euromech seminar®. azimuthal angle after the ¢/4 position.

1 Schepers ¢ al., conf. proc. Science Making Torque from Wind 2012 aTU-Delft Wind Energy Research Institute DUWIND, Aero-
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3 Xiao et al., Appl. Math. Mech. -Engl., 32, (6) 729-738 b Faculty of Engineering, Depart. Mechanical Engineering, Univ.
4 van Kuik e# a/. submitted to JFM of Malta, Malta

5 van Kuik & van Zuylen. 2009 Euromech Symp.508 26-28 ¢ForWind, Carl von Ossietzky University Oldenburg, Germany
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Aerodynamic Performance of a Wind Turbine: BEM versus CFD

S.Y. Lin?, K. Mulleners® and J. Seume?

Accurate prediction of a wind turbine performance is of crucial importance for the effective blade design and
optimization of the power output. In present, wind turbine blade design relies mainly on the performance
prediction by means of blade element momentum (BEM) methods, which are based on two-dimensional (2D)
airfoil characteristics!. Some three-dimensional (3D) effects can be taken into account by applying correction
models, e.g. Prandtl tip/root loss cotrection model and empitical 3D stall delay models. Other 3D effects such as
local solidity and pitch angle variations for pitch-controlled wind turbines are generally ignored in current design
procedures. Recently, computational fluid dynamic (CFD) investigations on inboard flow separation, tip and
wake flow have shown the influence of 3D flow on the performance of wind turbines?5. Although CFD can
provide more accurate predictions of the wind turbines performance than BEM, CFD is currently not suited for
wind turbine design because it is more time-consuming. However, the more detailed flow information provided
by CFD, including 3D effects as well as rotational effects, can be used to study wind turbine performance
prediction differences between CFD and BEM methods. Based on an increased understanding of the limitations
of both methods, improvements to the BEM methods can be formulated.

In this study, a full-scale wind turbine based on the NREL offshore 5 MW baseline wind turbine was
modelled under different operating conditions using CFD and BEM methods. The model was simplified by
assuming that the rotor blade is rigid and undeformable. By comparing the results from both methods, an
increasing deviation of power output with increasing wind speed can be observed, whereas the thrust shows only
a slight difference. The local power, thrust and torque coefficients were generally over-predicted by BEM in the
inboard region for 0.2<r/R<0.4, and under-predicted by BEM for r/R<0.2 where the blade geometry
undergoes a smooth transition from a cylinder to DU airfoil profiles. In addition, local angle of attack and
aerodynamic coefficients of the CFD results were evaluated and compared with BEM predictions. A remarkable
deviation is revealed in the inboard airfoil sections where there is flow separation (Fig. 1). For the other airfoil
sections, the aerodynamic coefficients of the CFD results agree well with the airfoil input data in BEM methods.
The circulation gradient in function of radius indicates that the strength of the tip vortex decreases with
increasing wind velocity, whereas the strength of the trailing edge vortex sheet increases with increasing wind
velocity. Based on the results of the circulation gradient and the distribution of vorticity and helicity, the complex
wake structure of a wind turbine can be better understood.

(2) DU40, r/R = 0.187 (b) DU35, t/R = 0.252, 0.317
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Figure 1: Lift and drag coefficients in function of angle of attack of the (a) DU40 and (b) DU35 airfoil sections
from the CFD results.

* Institute of Turbomachinery and Fluid Dynamics, Leibniz Universitit Hannover, Appelstrasse 9, Hannover, Germany
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3D steady simulation of a 7.5 MW wind turbine with OpenFOAM

E. Daniele?, B. Stoevesandt?

In this work a steady simulation of a 7.5 MW wind turbine with OpenFOAM library is presented. The wind
turbine blade has been designed within the Germany national research project “Smart Blades”! (funded by the
Ministry of Environment, Nature Protection and Nuclear Plant Security) with the aim of developing a new
concept of blade that can “smartly” react to wind inflow and operating condition in a such way to keep the load
at an acceptable level in order to enhance the fatigue life.

Comparison with Blade Element Momentum (BEM) Theory based code ONEWIND? are presented for a
rigid blade case, with pitch control mechanism setup describing the normal operating condition range, from
design point speed to cut-out inflow speed. Both power and thrust outputs are provided for both CFD and
BEM simulations. The 3D CFD simulation is referred to a single blade, taking advantage of periodic condition
for such an axial inflow configuration, and the pitch angle setup is obtained by rotating the inner cylindrical
portion of the numerical grid which envelopes the blade. Special attention is paid to the blade root region where
the flat back airfoils are located, and thus a more difficult agreement between BEM and CFD is expected,
because of the complicated separation phenomenon that occurs even at low angles of attack.

For a limited number of cases, defined by a combination of inflow speed and pitch angle, a comparison
between CFD and BEM simulations for an elastic blade are presented: under these circumstances for each case a
new numerical grid should be generated because of different blade deformation derived by BEM calculation. In
this situation the comparison of power and thrust outputs could provide information on the reliability of the
aero-elastic coupling assumed within the BEM model.

Figure 1: On the left side: Velocity component along rotor axis for the design condition. A detail of the wake is
shown by limiting the scale between 0 and inflow speed value equal to 10.9 m/s. On the right side: line integral
convolution patterns for the wall shear stress vector field on the root region of the blade.

2 Fraunhofer IWES, Ammerlinder Heerstr. 136, D-26129, Oldenburg.
1 http://www.bmub.bund.de/newsletter/de/newsletter-zur-forschung-im-bereich-erneuerbarer-energien/bmu-newsletter-zut-

forschung-im-bereich-erneuerbarer-energien-ausgabe-022013 /smart-blades-intelligente-rotorblaetter-fuer-hohe-und-zuverlaessige-
anlagenleistung/

2 http:/ /www.onewind.de/
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Smart Airfoil Gust Response

T. Gillebaart®, A.H. van Zuijlen?, H. Bijl*

Reducing the Cost of Energy (CoE) drives the increase in wind turbine size. In a response to the increasing
wind turbine size, there is a trend towards designing smart wind turbines with active control to reduce fatigue
loading, decrease the tip deflection and increase power production. Feasibility studies on active trailing edge flaps
(TEF) have shown that a significant reduction of the root bending moment can be obtained when appropriate
controllers are used. Active control can also alleviate peak loads during operation in extreme conditions,
especially during local gusts. A key aspect in these new wind turbines is Fluid-Structure-Interaction (FSI), due to
lighter and more flexible blades: combined with the increase in turbine diameter, prediction of aeroelastic
response of such an active wind turbine becomes increasingly more important in the turbine design. Especially in
the harsh (turbulent) conditions experienced in the atmospheric boundary layer a detailed understanding on the
aero-servo-elastic response of new generation smart wind turbines is needed.

Traditionally, the load alleviation simulations are carried out using a blade element momentum formulation
with engineering models for sectional aerodynamics. However, the flapping action of a trailing edge flap is a
complex Fluid-Structure-Control-Interaction (FSCI) problem and needs to be analyzed in more detail. Especially
the regime with high reduced frequency response and near separation flow conditions result in the need for a
high fidelity model of such a smart rotor system. In this study the interaction between the aero-elastic response
of a wind turbine airfoil to gusts and the trailing edge flap controller is analyzed using two models: Reynolds
Averaged Navier- Stokes (RANS) and an unsteady aerodynamic engineering model (ATEFlap). Different angles
of attack (attached flow, near separation and separated flow) are used to assess the different flow regimes. Eatlier
studies showed the model differences increase at higher angles of attack and reduced frequencies for fixed
airfoils!. Additionally the gust frequency is varied from quasi-steady regime to unsteady regime. The aim is to
understand the details of a smart airfoil and to assess the applicability of state-of-the-art engineering models in
this aero-servo-elastic framework. Therefore, the aero-servo-elastic response of a typical wind turbine airfoil with
spatially varying gust inflow conditions is assessed at different angles of attack and gust frequencies.

A fluid-structure-interaction solver is developed in OpenFOAM using Unsteady Reynolds Averaged Navier-
Stokes (URANS), (efficient) radial basis function mesh deformation algorithm, Aitken’s under-relaxation FSI
coupling scheme and a 3DoF rigid body structural model. Prescribing a temporally and spatially varying gust is
done using the mesh velocity technique2. This study results in detailed insight of the smart rotor system on itself,
while assessing the widely used engineering models in a range of conditions. The main focus will be on
understanding the effects in the non-linear regions: high angle of attack, high reduced frequencies.

* Dep. Aerospace Engineering, Delft University of Technology, P.O. Box 5058, 2600GB Delft, The Netherlands
! Bergami et al., Wind Energy, pre-print (2014)
2 Singh et al., Journal of Aircraft 34, p. 465-471 (1997)
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Effect of roughness on the power production of a wind turbine: Large Eddy Simulation

C. Santoni?, K. Carrasquillo?, and S. Leonardi?

With the shortage of fossil fuel and increasing environmental awareness, wind turbines have become the most
promising source of renewable energy. Despite the progresses made in the last decade, the flow physics is far to
be completely understood. In fact, it is still unclear how to maximize the power extraction in a large wind farm,
how to minimize the power fluctuations, the effect on the large-scale coherent structures of the atmospheric
boundary layer and which is the effect of the topography. In the present paper we focus on the latter aspect. A
finite difference scheme with a fractional step and a Runge Kutta, which couple the actuator line model (ALM)!
and the Immersed Boundary Method (IBM)? has been used to study the effect of the topography on the power
production of a wind turbine, the topography made of wavy walls, the tower and nacelle have been modeled
using the IBM, while the turbine blades are represented with the ALM. A detailed preliminary study on circular
cylinders and steady blades has been performed to validate the ALM with respect to a full IB. By comparing the
two numerical methods we were able to improve the accuracy of the ALM in the near wake.

* Dep. Mechanical Engineering, The University of Texas at Dallas, 800 W. Campbell Road, Richardson, Texas, USA
1Orlandi & Leonardi, Journal of Turbulence vol. 7, pp. 1 (2006).

2 Martinez-Tossas et al., |. Wind Energy (2014)

Support from NSF PIRE grant # OISE 1243482 is acknowledged.

9) d)
Fig.1 Colour contours of streamwise velocity past a wind turbine in a smooth channel (a,b) and in a channel with the lower
undulated wall (c,d)

Colour contours of streamwise velocity of the turbulent flow in a channel with and without undulations on the lower wall
are shown In Fig.1 The undulation are 10% the half width of the channel. The waviness on the wall causes a pressure
gradient, which induces the ejection of low momentum fluid from the wall to the centre of the nacelle. This affects the
power production because lower momentum fluid impinges the blade. Turbulent intensities, two points correlations and
power production fluctuations will be shown at the conference as function of the undulation on the wall.
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LES of the Lillgrund wind farm using a torque based power controller.

K. Nilsson?, 2nd S-P. Breton?, 31 S. Ivanell** and 4% D. Henningson®

The aim with the study is to quantify the effects of using an active power controller when performing large-
eddy simulations (LES) combined with an actuator disc (ACD) method.

Large-eddy simulations are performed using the EllipSys3D Navier-Stokes solver developed at DTU/Rise by
Michelsen [1][2] and Serensen [3] to compute the power production and the wake effects of the wind turbines in
the Lillgrund offshore wind farm. Lillgrund is ideal for wake studies thanks to its layout which is characterized by
a small internal turbine spacing. The turbines in the farm are modeled using an actuator disc (ACD) method,
Mikkelsen [4]. The ACD method models the rotor with body forces determined from drag and lift coefficients
which are tabulated as functions of the angle of attack. As the boundary layer over the blades is not resolved, this
approach greatly reduces the computational costs compared to simulations involving the modeling of the full
blade geometry. The atmospheric conditions are modeled using pre-generated synthetic turbulence, Mann [5],
and a prescribed boundary layer in order to save computational costs. The simulations are performed both with a
recently implemented power controller, see Nilsson [6], which forces the turbines to adapt their rotational speed
to the conditions they are operating in, and without any controller, where all turbines are given a fixed rotational
speed. The relative power predicted from the different simulations are compared with measurement data as
depicted in Figure 1. In this figure it can be seen that both the simulations with and without the power controller
are predicting the measured production very well. There is however a tendency that the controlled simulations
are performing slightly better than the uncontrolled ones in comparison with the measurements.
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Figure 1: Relative production for a row of turbines in the farm

: Uppsala University, Campus Gotland, Dep. of Earth Sciences, Section of Wind Energy, Visby, Sweden.

b KTH, Department of Mechanics, Stockholm, Sweden.
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6 Nilsson, Lic.th. TRITA-MEK 20712:18 KTH (2012).



192

Optimal control of infinite and finite wind-farm boundary layers

[ohan Mevers?, Jay Goit? and Dries Allaerts?

In large wind farms, the effect of turbine wakes, and their interaction leads to a reduction in farm efficiency,
with power generated by turbines in a farm being lower than that of a lone-standing turbine by up to 50%. In
very large wind farms, this efficiency loss is related to interaction of the wind farms with the planetary boundary
layer, leading to lower wind speeds at turbine level. In the current study, we investigate the use of optimal control
techniques combined with Large-Eddy Simulations (LES) of wind-farm boundary layer interaction for the
increase of total energy extraction in very large ‘infinite' wind farms and in finite farms with and without
temperature effects. We consider the individual wind turbines as flow actuators, whose energy extraction can be
dynamically regulated in time so as to optimally influence the turbulent flow field, maximizing the wind farm
power.

For the simulation of wind-farm boundary layers we use large-eddy simulations in combination with actuator-
disk and actuator-line representations of wind turbines. Simulations are performed in our in-house pseudo-
spectral code SP-Wind. For the optimal control study, we consider the dynamic control of turbine-thrust
coefficients in an actuator-disk model. They represent the effect of turbine blades that can actively pitch in time,
changing the lift- and drag coefficients of the turbine blades. First optimal model-predictive control (or optimal
receding horizon control) of an infinite wind farm is studied, where the model simply consists of the full LES
equations, and the time horizon is approximately 280 seconds. The optimization is performed using a nonlinear
conjugate gradient method, and the gradients are calculated by solving the adjoint LES equations. We find that
the extracted farm power increases by approximately 20%. However, the increased power output is also
responsible for an increase in turbulent dissipation, and a deceleration of the boundary layer. Further
investigating the energy balances in the boundary layer, it is observed that this deceleration is mainly occurring in
the outer layer as a result of higher turbulent energy fluxes towards the turbines. In a second optimization case,
we penalize boundary-layer deceleration, and find and increase of energy extraction of approximately 10%. In
this case, increased energy extraction in balanced by a reduction in dissipation by turbulence. Further results of
optimal control in finite wind farms and optimal control in boundary layers that include temperature effects and
a capping inversion are also presented.

J-M. acknowledges support from the European Research Council (FP7-Ideas, grant no. 306471). Simulations
were performed on the computing infrastructure of the VSC Flemish Supercomputer Center, funded by the
Hercules Foundation and the Flemish Government.

: Dep. Mechanical Engineering, KU Leuven, Celestijnenlaan 300A, B3001 Leuven, Belgium
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Progress in combustion dynamics of annular systems
J-F Bourgouin?®, D. Durox®, T. Schuller #b, J. Moeck?>< Y. Méryd and S. Candel?

New results on the dynamics of annular combustors equipped with multiple injectors will be reviewed.
Studies are carried out on a novel set up (MICCA) which comprises a plenum fed with a mixture of air
and propane, a backplane with 16 injectors and a combustor formed by two concentric cylindrical
walls'. These lateral walls made of quartz allow a full view of the flames established in the
neighborhood of the multiple injectors. High-speed imaging is used to examine flame dynamics in
combination with pressure measurements delivered by a set of waveguide microphones plugged on the
chamber backplane and another set of microphones flush mounted on the plenum walls. Studies are
carried out with two types of injectors, the first is switled and imposes a rotation to the flow with a
measured switl number of 0.8, the second type is formed by a matrix of small orifices. Experiments are
mainly focused on combustion instabilities coupled by azimuthal modes. These types of oscillations
have received considerable attention in recent years because the underlying coupling is often observed
in the advanced premixed combustion systems used in modern gas turbines but there are few well
controlled laboratory scale experiments. Recent studies have allowed a detailed examination of the
dynamics of annular geometries comprising multiple swirling injectors providing insight on the
coupling process between acoustics and unsteady combustion. In the case of swirling injectors, it is
found that the coupling continuously evolves between standing and spinning modes and that this can
be characterized by determining a spin ratio. In the configuration comprising matrix injectors
combustion takes place through a set of conical flames stabilized on perforated plates allowing an
interesting simplification of the combustion process. This gives rise to various couplings including
purely spinning modes, purely standing modes and situations where two different modes sustain
oscillations. These various situations will be considered and their analysis will be carried out with
dynamical models making use of the flame describing function of individual injectors™”.

Figure 1: Annular combustor with multiple injectors. Left : view of the MICCA set-up, Center : flame
configuration with swirling injectors, Right : flame configurations corresponding to matrix injectors.

? CNRS, UPR288, EM2C, Grande Voie des Vignes, 92295 Chatenay-Malabry, France

® Ecole Centrale Paris, Grande Voie des Vignes, 92295 Chatenay-Malabry, France
¢ also with TU Berlin, Berlin 10623, Germany
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Thermoacoustic coupling in Annular Combustors
N. Noiray?, M. Bothien? and B. Schuermans?

Modern gas turbine combustors operating in lean-premixed mode are prone to combustion instabilities
induced by thermoacoustic coupling. In annular combustion chambers, usually azimuthal acoustic modes are the
critical ones interacting with the flame. In case of constructive interference, high amplitude oscillations might
result. In this study, the azimuthal acoustic field of a full-scale engine is investigated in detail. The analyses are
based on measurements in a full-scale gas turbine, analytical models to derive the system dynamics, as well as
simulations performed with an in-house 3d nonlinear network model. It is shown that the network model is able
to reproduce the behaviour observed in the engine. Spectra, linear growth rates, as well as the system's dynamics
statistics can be predicted. A thorough investigation of the azimuthal modes stochastic properties is performed.
Additionally, the network model is used to show that particular azimuthal flame temperature distributions with
amplitude of merely 1% of the mean flame temperature can change the azimuthal mode from dominantly
rotating to dominantly standing,.
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Figure 1. Joint probability densities of the amplitudes of the n™ order azimuthal eigenmodes obtained from
simulations at various azimuthal temperature distribution. The flame temperature distribution is
T=To+ATcos(2n0) where 0 is the azimuthal coordinate nd AT is inctementally varied from 0 to 4% of To. The
acoustic pressure in the annular combustion chamber is approximated by p(0,t) = a(t) cos(nf) + b(t) sin(n0).
Single maximum distribution corresponds to a stochastically forced linearly stable point, bimodal distribution is
typical for dominantly standing mode in limit cycling state while ring shaped distribution represents dominantly