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Abstract

In this work, we propose a method to efficiently capture an arbitrary number of

fluid /solid or fluid/fluid interfaces, in a level-set framework. This technique, borrowed
from image analysis, is introduced in the context of the interaction of several bodies im-
mersed in a fluid.
A configuration of the bodies in the fluid/structure domain is described by three label
maps providing the first and second neighbours, and their associated distance functions.
Only one level set function captures the union of all interfaces and is transported with
the fluid velocity or with a global velocity field which takes into account the velocity of
each structure. A multi-label fast marching method is then performed in a narrow-band
around the interfaces allowing to update the label and distance functions.

Within this framework, the numerical treatment of contacts between the structures is

achieved by a short-range repulsive force depending on the distance between the closest
bodies.

The method is validated through the simulation of a dense suspension of rigid bodies

immersed in an incompressible fluid. A global penalization model uses the label maps to
follow the solid bodies altogether without a separate computation of each body velocity.
Consequently, the method shows its efficiency when dealing with a large number of rigid
bodies.
We also investigate the numerical simulation of vesicle suspensions for which a computa-
tion of elastic and bending forces on membranes is required. In the present model, only
one elastic and bending force is computed for the whole set of membranes according to
the level set function and the label maps.

Keywords: fluid/structure interaction, level set method, multiple bodies, collision
model



Résumé

Dans ce travail, nous nous sommes intéressés a la simulation numérique de suspensions
denses d’objets immergés dans un fluide. En s’inspirant d’une méthode de segmentation
d’image, nous avons développé une méthode efficace de capture d’interface permettant
d'une part de localiser les structures immergées et d’autre part de gérer les contacts
numériques entre les structures.

Le domaine fluide/structure est représenté a 1’aide de trois fonctions labels et deux fonc-
tions distances qui permettent de localiser chaque structure et son plus proche voisin. Les
interfaces sont capturées par une seule fonction level set, celle-ci est ensuite transportée
par la vitesse du fluide ou par la vitesse de chaque structure. Un algorithme de multi-
label fast marching permet de réinitialiser a chaque pas de temps les fonctions labels et
distances dans un périmétre proche des interfaces. La gestion des contacts numériques
est effectuée grace a une force répulsive a courte portée prenant en compte 'interaction
entre les objets les plus proches.

Dans un premier temps, la méthode est appliquée a I’évolution de solides rigides immergés.
Un modéle de pénalisation global couplé aux fonctions labels permet de calculer en une
seule fois I'ensemble des vitesses des structures rigides. Les résultats obtenus montrent
Pefficacité de la méthode & gérer un grand nombre de solides.

Nous avons ensuite appliqué la méthode a des suspensions de vésicules immergées. Ce
type de simulation requiert le calcul des forces élastiques et de courbures exercées sur
les membranes. Grace au modéle proposé, seulement une force élastique et une force de
courbure sont calculées pour I’ensemble des membranes a 1’aide de la fonction level set et
des fonctions labels.

Mots clés: interaction fluide/structure, méthode level set, suspensions d’objets, mod-
ele de collision



Notations

Physical and geometrical quantities

e d,2 < d < 3: the space dimension

e [;: the identity matrix

e (): the fluid /structure domain

e 0Q): the boundary of 2

e ();: the region occupied by the ith structure

e [';: the boundary of €,

e UU: Eulerian velocity field

e P: Pressure field

e p: density

e 4i: dynamical viscosity

e D(U): the deformation tensor

e o, the Cauchy Stress tensor (o = M(VUJFTW) — Pl,)
e g: gravity

e Re: the Reynolds number

e H._: smooth Heaviside function of thickness 2¢
e (.: smooth delta function of thickness 2¢

Numerical parameters

Ax, Ay: the horizontal and vertical space step

At: the time step

¢: the half interface thickness

A: the penalization parameter
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Introduction

Suspensions of particles in fluids can be found in many problems encountered in real
life. Typical examples of such problems are the motion of living cells in blood vessels
and the motion of fish swimming or dust particles. This type of flow exhibits very com-
plex behavior, in the case of blood vessels living cells can deform and aggregate to form
rouleaus, for fish swimming collective effects are observed (school of fish) even in the case
of many rigid particles the behavior and the motion of particles is not fully understood.
In fact, from chemistry, biology, physics to mathematics a large amount of research has
been developed to understand these complex flows.

From a mathematical and numerical point of a view, the first challenge for the sim-
ulation of these complex flow stems from the coupling of the fluid and the structures.
Indeed, the fluid is classically described in an Eulerian manner that is by the velocity of
the fluid at all points of the domain and at all times whereas to describe the evolution of
the structure the Lagrangian formulation is most suitable as it uses the evolution of each
point of the structure with respect to a reference configuration.

Monolithic methods have been developed and consists in treating the fluid and the struc-
ture in the same mathematical framework. In Lagrangian methods, a set of Lagrangian
markers or mesh cells are moving with the continuous medium. On the contrary, in Eule-
rian methods, a time independent mesh is used and represents the whole fluid /structure
domain. Hybrid methods have also been employed and consists in combining both the
Lagrangian description for the structure and the Eulerian one for the fluid.

Furthermore, the choice of the flow modeling has to be combined to the fluid /structure in-
terface modeling which could be classified in two major class: the front tracking and front
capturing methods. The front tracking approach consists in representing the interface by
a set of Lagrangian particles which carry the physical properties of the structures, these
markers are transported in a Lagrangian manner. In the front capturing methods, an
Eulerian scalar function allows to reconstruct the interface. The interface modeling and
flow modeling are then coupled to either form several coupled equations or a whole system.

Once these three criterias selected, a collision strategy is needed in order to avoid
numerical contacts between the structures. Indeed, in the case of two perfectly smooth
bodies evolving in a fluid, lubrication theory and experiments demonstrated that no con-
tacts can occur in finite time between those particles [2; 77; 193]. However, during nu-
merical calculations, the flow between two converging particles is not accurately resolved
which leads to contacts or inter-penetration of particles. The numerical handling of these
contacts and overlaps hence is crucial for the simulation of particles suspensions.

A natural approach proposed in [81] is to refine the mesh in the inter particle gap in order
to resolve accurately the flow fields. However, this strategy is highly expensive as several
refinements are necessary and in the case of multiple particles the cost of the simulation
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is highly increased.

Other techniques consists in adding the theoretical lubrication forces when the gap be-
tween the bodies is very small [39; 121]. Due to the singular behavior of the forces, and
the time discretization errors, this approach appears to be unsufficient and might still
lead to contacts and overlaps at low spatial resolution.

Other numerical strategies less respectful of the underlying physics have been employed.
These strategies consists in imposing a constraint on the particle motion by means for
instance of artificial short range repulsive forces [31; 65] or by directly enforce a mini-
mal distance between the particles [122|. Contrary to the refinement strategy, these last
collision methods allow, in addition of handling overlaps and contacts between particles,
to use as coarse discretization as possible, reducing substantially the computational cost
compared to the method proposed in [81].

An other major issue to be taken into consideration is the computational complexity due
to an increasing number of bodies. For instance, both short-range repulsive forces pro-
posed in [31; 65] are quadratically dependent on the number of particles if no special trick
is used. Moreover, depending on the numerical method used for the Fluid/Structure in-
teraction coupling the computational can be reduced. A typical example is the Boundary
integral method ([178; 179]), which by only discretizing the membrane boundaries allows
to obtain an efficient method to deal with several bodies.

In the present work, a fully eulerian formulation of the fluid-structure interaction is
adopted and combined to a level set method which is part of the front capturing meth-
ods. Within this framework, we investigate the two major difficulties we stated above: the
high computational complexity due to a large number of particles and contacts between
particles during numerical calculation.

We adapt in the context of Fluid-Structure interaction a model introduced by J.Bogovic
([11]) for image segmentation. In the context of fluid-structure interaction, this model
provides access to the location of each structure and its closest neighbors at each point
of the Fluid/Structure domain, it is thus a very desirable model for dealing with dense
suspensions of particles. Indeed, by evolving only five field functions, the proposed ap-
proach can (1) locate and evolve each structure in the domain (2) specify a speed or a
force independently for each structure (3) and handle numerical contacts between the
structures.

In order to validate the ability of this method to avoid numerical contacts and its effi-
ciency to deal with a large number of structures, two applications are explored: rigid and
deformable bodies. The deformable bodies considered are vesicles, these cells allow to
study the main behavior of red blood cells.

This work is organized as follows:

In Chapter 1, we provide an overview of popular numerical methods for fluid /structure
interaction as well as interface modeling techniques, in particular we focus on the level
set method. Then, the physical models considered are presented as well as the numerical
resolution of the fluid model combined to a level set method.

In Chapter 2, the capturing method proposed in [11] is presented in the context of
multiple bodies immersed in a fluid. The three label maps and two distance functions
which allows to locate the structures and their first neighbors are presented.
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Chapter 3 is devoted to the collision strategies, we present a brief overview of existing
methods to deal with numerical contacts. Then, a short-range repulsive force inspired by
[31] is proposed and depends on the relative velocities between the closest structures. The
influence of these two collision models on the dynamics of disks transported by steady
stokes fluid flows is compared.

In Chapter 4, we describe the numerical algorithm used to evolve the structures in
the domain and to update their neighbors. This algorithm consists in evolving a level set
function which captures the union of all interfaces, in a neighborhood of the interfaces,
then a multi-label fast marching procedure is performed in these thin narrow-bands to
update the five field functions.

Chapter 5 proposes an application of the method to the simulation of rigid bodies
evolving in an incompressible fluid, we define a penalization model which is made inde-
pendent on the number of rigid bodies and a benchmark of numerical simulations of the
sedimentation of rigid bodies is proposed.

Finally, in Chapter 6 the numerical simulation of immersed vesicles is carried out.
The fluid/elastic membrane coupling is achieved by using the model introduced in [32],
only one elastic and curvature force is computed for the whole set of vesicles. In order to
compute correctly the elastic and curvature forces a finer grid for the level set function
is used and thanks to the label maps the forces exerted on the membrane are accurately
computed even if the elastic membranes are close.

10



Chapter 1

Fluid /Structure Interaction and Level
set methods

Contents
1.1 Numerical methods for Fluid/Structure Interaction . . . . . . 11
1.2 Physicalmodels . .. ... ... ... ... 0000000, 20
1.3 Front tracking and Front capturing methods . . ... ... .. 25
1.4 Levelsetmethod .. ... ....... ... .. ..., 28
1.5 Nwumerical resolution . ... ... ... .............. 36

The focus of this chapter is to present the context of this work. The numerical simu-
lation of Fluid/Structure Interaction (FSI) involves to deal with three different problems:
the governing equations of each media (fluid or structure) and the coupling between the
structure and the fluid which itself depends on the properties of the structure. The nu-
merical techniques devoted to the simulation of FSI can hence be classified according to
different criterias: the Eulerian or Lagrangian formulation for the fluid and/or the struc-
ture, the interface modeling which can be achieved by tracking or following the interface
and the coupling between the structure and the fluid.

This chapter is organized as follows:

In a first section, an overview of numerical methods for FSI is presented. Then, the
physical models we are interested in are described. The third section is dedicated to the
existing numerical methods to capture and evolve interfaces between these medias, in
particular we focus on the level set method.

Finally, the discretization of the fluid/structure domain €2 and the numerical resolution
of the fluid equations is presented as well as the evolution of the interfaces using the level
set method.

1.1 Numerical methods for Fluid /Structure Interaction

The interaction between viscous fluid flow and structure is of great significance in
many natural processes such as in biomechanics (cell deformation, blood-heart valves
interaction, sperm motility), aerodynamics, sedimentation of particles. In fact, FSI prob-
lems play a key role in a large panel of fields, and there is a great deal of science works
devoted to these problems. Accordingly, increasingly sophisticated numerical techniques
have been developed over the past few years, making of numerical simulation an essential

11



CHAPTER 1. FLUID/STRUCTURE INTERACTION AND LEVEL SET METHODS

tool to understand FSI problems.

The main difficulty in simulating this problem comes from the divergence in the mod-
elling approach for each medium : the Eulerian and Lagrangian description.
In the Eulerian approach, the physical variables are defined at all points of the domain
and at all times. From a numerical point a view, the continuum medium is discretized
with a mesh grid fixed in time. A Cartesian mesh grid can hence be used to represent the
medium and allows for instance to use finite difference method.
With the Lagrangian description, the physical variables are defined at points of the media
which moves over time. Numerically, the continuum media is discretized by a time-varying
mesh grid. Particles located at the mesh grid points are then displaced with their associ-
ated velocity. Denoting by X (a, t) the position of a particle a at time t and by u(X (a, t), t)
its velocity, this particle will be transported as:

%—f(a, t) = u(X(a,t),t)
This type of description allows to better track the motion and deformation of a structure.
A major inconvenient of this approach is that after deformation the Lagrangian particles
accumulate or disperse in the domain. Consequently, additional procedures are required
in order to follow large distortions of the computational domain.

Generally, the fluid flow is described in an Eulerian manner whereas the evolution
of structures are more naturally handled in the Lagrangian formulation. To overcome
this difficulty, the existing methods have adopted three different points of view: purely
Lagrangian, Fulerian/Lagrangian and purely Eulerian.

As its name suggests, the first one consists in describing both the structure and the
fluid with a Lagrangian approach.

Two of the most widely used particle methods are the Smooth Particle Hydrodynamics
method and the Vortex Method.
The Smooth Particle Hydrodynamics method has been originally designed to study gas
dynamics for astrophysics [64; 113]. This technique does not require a mesh grid to dis-
cretize the domain, only the Lagrangian particles are handled. The variables of the fluid
and structure are updated simultaneously allowing to take into account easily large dis-
placement of the fluid/structure interfaces. This technique is accurate and stable for the
simulation of compressible flows and to capture interfaces. An extension for free-surface
incompressible fluid flow has been proposed by Monaghan in [131]. To impose the incom-
pressibility constraint, the pressure gradient is evaluated at each Lagrangian markers. A
force which takes into account the local variation of the density is carried by each marker,
the incompressibility constraint consists then to impose a constant value to this density.
With this technique, only an approximation of the incompressibility constraint is imposed.
Improved SPH methods [48; 82| have hence been developed in order to overcome the main
weakness of this method which lies in its inaccuracy to achieve volume conservation. This
technique has been widely used like for fluid/fluid interactions (|28]), fluid/structure in-
teraction (|5]), to simulate interaction between different solids (|182]) and many others.

To model incompressible fluid flows, it is most convenient to use the Vortex Method.
Indeed, contrary to the SPH methods, the incompressibility constraint is explicitly en-

12



CHAPTER 1. FLUID/STRUCTURE INTERACTION AND LEVEL SET METHODS

forced as thanks to the vortex formulation the velocity field computed is implicitly diver-
gence free. The Vortex Methods uses a velocity-vorticity formulation of the Navier-Stokes
equations, compared to SPH methods the set of Lagrangian particles are only located at
the regions where the vorticity is non zero providing efficiency in the case where these
regions represent small portions of the whole computational domain. The main drawback
of these methods comes from the treatment of the boundary conditions as a reformula-
tion of the velocity boundary conditions are required which can in some cases represent a
source of difficulties. As all the Lagrangian techniques, these two particle methods suffers
from particle distortion problem. To circumvent this problem, a widely used technique is
the remeshing procedure originally designed in [84; 104]. These methods consist in redis-
tributing the Lagrangian markers in the domain at each iteration by means of high order
interpolation kernel allowing to control efficiently the distance between the particles. This
technique have been widely and successfully used in vortex methods [24; 34; 103].

An other approach is the boundary integral method which has been proposed in [146]
for the simulation of an immersed vesicle and then improved and extensively used in
several works, for instance in [178] where the numerical simulation of a suspension of
vesicles has been investigated. Thanks to the integral equation formulation, this method
is efficient to deal with interfacial flow and vesicles as only the interface is discretized.
However, this approach is limited to Stokes flow and simple structure geometries.

A popular and wide spread fluid /structure method is the Arbitrary Lagrangian Eule-
rian approach (ALE) introduced by Donea in 1982 (see [44]) and extensively studied by
several teams [54; 73; 80; 149; 187]. The ALE strategy is an hybrid method that combines
the Lagrangian and Eulerian descriptions using a mobile non structured grid that follows
the normal displacement of the fluid/structure interface. The fluid and solid equations
are solved individually and continuity conditions for the velocity and stress tensor are
explicitly discretized at the interface.

The main weakness of the ALE method is its difficulty of implementation, especially when
dealing with large displacements in dimension three. In addition the added mass effect
[29] has been a long standing difficulty which has been worked around only recently [51—
53; 55; 56]. Moreover, the computational grid has to be remeshed when the elements get
too distorted, which could be a very costly procedure in three-dimension.

An other popular Eulerian/Lagrangian method is the immersed boundary approach pro-
posed in [141; 142] by Peskin for the simulation of an immersed elastic membrane. In
this approach, an Eulerian grid represents the fluid and the membrane is discretized by a
set of Lagrangian particles. The fluid/structure coupling is then achieved by projecting
on the Eulerian grid points the forces carried by the Lagrangian particles. Since its in-
ception, this technique has found a large number of applications, it can deal with elastic
membranes as well as moving rigid bodies.

The fully Eulerian method is the point of view that we adopt in this work. The idea
is to use a purely Eulerian description of the fluid/structure problem. A popular set
of purely Eulerian methods is the fictitious boundary methods. Initially, in this set of
techniques, the fluid is defined in the all computational domain €2 including the regions
occupied by the particles. To take into account the immersed structures, a constraint
is applied to the fluid inside and at the interface of the structures. A global model is
defined in the fluid and structures regions allowing to use a fix grid mesh in the entire

13



CHAPTER 1. FLUID/STRUCTURE INTERACTION AND LEVEL SET METHODS

fluid /structure domain (see Figure 1.1). Those techniques are generally easy to imple-
ment, allow to use fast solvers and the extension to several immersed structures is often
straightforward.

Numerous methods based on this conceptual framework have been developed, for instance
in [41], a mixing of the "Fictitious concept" and the ALE technique has been achieved,
adding to these methods the high accuracy of the ALE approach.

We present in what follows some popular existing methods for FSI that can be applied
to our problems. The first one is the well-known Immersed Boundary methods, then some

Fictitious domain methods are described.
.O I»‘ ll.

Figure 1.1: Sketch of FSI problem discretized with an uniform Eulerian mesh grid at different
time. The red points represents the fluid.

1.1.1 The immersed boundary method

The immersed boundary technique has been firstly introduced by Peskin in [141-143]
to simulate immersed elastic membrane in the vicinity of heart valves. A fix uniform
Cartesian grid is used to represent the fluid region and the fluid/structure interface is
described by a set of Lagrangian particles. The elastic forces are computed on the La-
grangian markers and corresponds to a sum of discrete delta functions localized on each
marker. Then, a numerical procedure has to be performed in order to spread these delta
functions on the Eulerian grid points. To this end, Peskin proposed to construct a dis-
crete delta function regularized at the interface making the forces spread on few Eulerian
discretization points around the interface. This delta function has to fulfil different prop-
erties: continuity at the interface to avoid jump of the velocity and forces, allows to
conserve the moment of the forces across the interface, and sufficiently narrow support.
Finally, the forces computed on the Eulerian grid are then inserted in the right hand
side of the governing equations of the fluid flow. Once the fluid velocity field has been
computed, the Lagrangian particles are advected in order to evolve the interface.

Let Q € R? and I'; be a closed curve parametrized overtime by X (s,¢) where s € [0, L].
We consider that the fluid is governed by the Navier-Stokes equations.

The forces projected on the Eulerian mesh grid are given by:

14



CHAPTER 1. FLUID/STRUCTURE INTERACTION AND LEVEL SET METHODS

L
Fat) :/ F(s,)5(x — X(s,1))ds
0
Then, the interface is evolved as:

% =u(X(s,t),t) = / u(z,t)d(x — X(s,t))ds

Q

Finally, these forces are added to the Navier-Stokes equations giving the following fluid /structure
model.

(p(O,U + (U - V)U) — nAU + Vp = pg + f in Q
} flxt) = [y F(s,t)0(x — X(s,))ds in O (1.1)
\ % = u(X(s,t),t) = [qu(z,t)d(x — X(s,t))ds inQ

The delta function locates the forces and provides the interface velocity in function of the
fluid velocity. The force F' depends on the type of the considered structure. In the case
of an elastic membrane, this force will determine the elastic behaviour of the structure.
A first adaptation of this technique for moving particles has been performed in [57]
and then for rigid boundaries in [70; 71; 152]. Then, several improvements of this method
have been introduced to deal with moving rigid bodies for instance in [18; 175; 176]. In
fact, this technique gave born to a large number of methods, we can cite for instance the
immersed interface method (see [109; 111]), the extended immersed boundary method.

1.1.2 Fictitious domain methods

The original concept of the fictitious domain methods, have been firstly proposed by
Hyman in [85] and then developed by Saul’ev in [154] who gave the name "Fictitious
domain". In the context of FSI, the main idea of this set of methods is to extend the
fluid domain in a larger and geometrically simpler domain called the "Fictitious" domain
which contains the immersed structure. The main advantage of these methods is that a
time-independent mesh can be used for the entire fluid /structure domain allowing to use
fast solution methods. We present in the following some popular approaches stemming
from this conceptual framework.

The Penalization method

The Penalization technique has firstly been introduced by [20] and further developed
in [4] for the study of a fixed rigid body immersed in a incompressible fluid.
The principle of this technique is to define the fluid in the whole computational domain
including the rigid bodies and then to penalize the fluid velocity inside the rigid body.
This is achieved by adding a penalization term in the Navier-Stokes equations, allowing
to impose a zero motion inside the solid and to solve the boundary value problem inside
the fluid /structure domain €2. So, there is no need for an adapted mesh to the geometry
of the bodies and a Cartesian mesh on a box domain can be used.
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Let €2; denotes a fixed rigid body immersed in a fluid {2y, the L? penalization consists
in adding a penalization term in the Navier-Stokes equations as follows:

p(O U+ (U-VYU) — uAU +Vp=pg+ f (1.2)

where the penalization term is given by:

=S

and the density function is provided by:

{Pl in
p= .
ps inQp,

The parameter K represents the permeability of the medium. In the fluid region, the

permeability coefficient K tends to infinity giving the Navier Stokes equations. In the
solid body, the coefficient K tends to zero and we solve a Darcy Law with a velocity
proportional to K. The solid body can hence be viewed as a porous media with a very
small permeability.
Numerically, the permeability coefficient can either be defined on each grid point of the
computational domain with a very high value in the fluid and a very small one in the rigid
body or by using a characteristic function y of the solid body, we can set % = A\x where
A >> 1 is a fixed penalization coefficient. Inside the fluid the penalization term is exactly
zero and in the solid body f = AU, numerically a smooth version of the characteristic
function is required in order to regularize the penalization term at the interface.

The numerical analysis of the penalization method is presented in [126], it is shown

that the L? penalization method is of order one and = with the H' penalization this is

due to the discontinuity of the normal derivatives of the velocity field at the interface. An
extension to a prescribed velocity has been proposed in [140], for a solid body €; moving
with a velocity Uy, the L? penalization problem to solve is:

(

p(O U+ (U-V)U) =V - (uVU) +Vp=pg+ Ax(Ur —U) inQy, x (0,7)
V-U=0 in Qy, x (0,7)
Ulzth—i—wl X (z — zf) on I'y, (1.3)
duf
mlﬁ :Fl
dw1
\ahﬁ =T

where J; is the inertial matrix, z§ the gravity center and m; the mass, u} and w; are the
translational and angular velocities of €2;. The total force and torque F; and T} takes into
account the hydrodynamical forces and the external forces F.,; exerted on the particle
Qll

{Fl :Fext_‘_fl_‘l onq on Fl (1 4)

T, =T, + frl(x —2f) xon; only

where o denotes the Cauchy Stress tensor, n; is the normal to ['; pointing outside the
rigid body 2;.
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The rigid velocity has to be computed before the resolution of the penalized Navier-Stokes
equation. This can be achieved by averaging the global velocity field inside the rigid body
providing:

1
Uy=— [ pxUdz+ (Jl_l/ pxU x (z — a:f)dz) X (z — ) (1.5)
[l Ja, o

Fat boundary method

The fat boundary method has first been introduced in [123] to solve a Poisson problem
on a perforated domain and further developed in [86] for moving holes.
The main idea of this technique is to replace the initial problem defined in the entire
perforated domain by two sub-problems: a global model and a local one. The two sub
problems are resolved on two different meshes: a fixed in time global mesh grid defined
on the all perforated domain and a local mesh defined around the holes. The local mesh
is time-varying and finer than the global mesh grid. A Cartesian mesh grid can be used
to discretize the global model allowing to use fast solvers and efficient preconditioners.
Then, to couple the two problems written on the different meshes, an iterative domain
decomposition method is used and a jump of the normal derivative at the interface is
prescribed. The final solution is computed so that the solution on both meshes match
and a continuity on the normal derivative at the interface is imposed. A mathematical
analysis of this method is presented in [6]. Better accuracy is obtained compared to the
penalization method H' as the continuity of the normal derivatives is imposed. This
model has been applied to moving structures immersed in fluid.

Let us take the example of a perforated domain (2 like shown in Figure 1.2, where the
green zone represented the safety zone (S) in which the local model is computed.

Q

I'

Figure 1.2: 2D example of a perforated domain 2. The hole is represented by {21, its boundary
I'; and the safety zone S.
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Using the Fat boundary method, the Poisson problem :

—AU =F inQ\
U=0 on I' = 00 (1.6)
U=0 onI'y

is decoupled into the two following problems:
( ~AV=F inS

Local Problem:
V =Ux on I']

. ., oV .
Global Problem: 4 AU ="+ 2-or, inQ

U*=0 onI

\
where I'y and I'] are the boundaries of the safety zone, F'* is the extension of F' by 0 in €.
The boundary condition on the structure boundary I'y is extended inside the structure by

ov
the term —~dr,. An illustration of the global and local meshes for this problem is shown
n

on Figure 1.3 in very coarse configuration.

£
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Figure 1.3: Illustration of the global and local meshes for FBM.

Lagrange multiplier method

This approach has been firstly proposed in [65; 67| in order to model the motion of a
rigid body immersed in a fluid. The principle of this method is to introduce lagrange mul-
tipliers to impose the rigidity constraint inside the rigid body and the Dirichlet boundary
condition at the interface of the rigid body.

In [65], the constraint used is the following:

U=Ul+w x (z—2) iny (1.8)
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An improvement of this approach in term of implementation and computational saving is
proposed in [158] and uses the rigidity constraint:

V- (D(u) =0 in€ (1.9)
DU) ns=0 onTl, '
which is equivalent to:
D(U) =0 in ©, (1.10)
Then, the Lagrangian multipliers are solutions of the following equations:
V- (DU))=V-(D(A) =0 1in Qt) (1.11)
D) -n=D\)-n=0 on [',(t) '

The Navier Stokes equations:
p(OU + (U -V)U) =V - (uVU) +Vp=pg+ f

are then supplemented with the forcing term f = V - (D())), the incompressibility con-
straint and the boundary condition on the structure boundary.

In order to tackle this equation, a time splitting method is proposed in [158] like the
projection method of Chorin type.

The first step is to compute the Navier Stokes equations without the forcing term f giving
an intermediate velocity u* which is divergence free.

The second step is to impose the rigidity constraint, by computing the Lagrangian multi-
pliers. The obtained velocity is divergence free in the all domain and the rigidity constraint
is ensured inside and at the interface of the rigid body.

Two variants of the Lagrange multiplier method exists: Boundary and Distributed ap-
proachs.

With the Boundary approach, the Lagrangian multipliers are only computed on the sur-
face of the structure, thus a mesh defined over the surface is sufficient (see for instance
[68]).

With the second approach, the Lagrange multipliers are distributed all over the immersed
structure, the interior and the interface has to be meshed. The choice over these two
variants lies on the type of applications one wants to simulate, we represent on Figure 1.4
an illustration of these techniques.

1.1.3 Cut-cell methods

The methods presented above do not depend on the choice of the discretization schemes
used to solve the equations. On the contrary, in the "discrete forcing methods", the forc-
ing depends on the discretization and thus on the numerical schemes used. In particular,
this approach allows to control directly the numerical precision, stability and conservation
of the solvers. The most popular one is the Cut-Cell method.

This method also called Cartesian grid method has been firstly proposed in [27]
for inviscid flow computations and then applied to the simulation of viscous flow in
[173; 174; 190]. This technique has been designed to satisfy the conservation laws in
the grid cells located in a vicinity of the immersed boundary. In order to conserve locally
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T

LN M
"\J N

Figure 1.4: Illustration of the Boundary (left) and Distributed (right) Lagrange multiplier meth-
ods. The Lagrange multipliers are applied at the blue nodes.

and globally the mass and the momentum, the cut-cell method is achieved in a Finite
Volume framework.

Then, the main idea is to reshape the grid cells crossed by the immersed boundary as
follows: if the center cell is located in the fluid part, the cell is reshaped by discarding
the portion that lies in the solid region. On the contrary, portions of grid cells whose
centers are part of the solid region, are absorbed by the surrounding cells. The obtained
cut-cells define the new control volumes in the vicinity of the structure boundary for the
finite-volumes discretization scheme.

In the case of staggered grid like MAC grid, the reconstruction of the cut-cells and the
position of the unknowns (the velocity field and the pressure field) has to be achieved
in accordance with the five point structure of a cell. If a structure is immersed in the
Cartesian grid, the five point structure of the cells is usually not preserved, even more if
one uses the merging technique.

In [25], Cheny and Bottela proposed a new cut cell method based on MAC schemes
which keeps the five point structure of the cells and satisfy the conservation laws. The
structure interface is accurately represented by a signed algebraic distance to the immersed
boundary. The staggered arrangement of both the velocity field and pressure is adapted
to the cut-cells geometry. From a computational point of view, this method is highly
efficient as it is based on MAC solvers on Cartesian grids. This method has been used by
Bouchon et al in [13] who proposed a global second order MAC scheme, the first order is
obtained in the vicinity of the immersed boundary.

1.2 Physical models

In this work we study the problem of N structures evolving in an incompressible fluid.
We consider a rectangular domain Q € R¢ d = 2,3 filled with structures and a fluid as
illustrated in Figure 1.5. We denote by (€2;);=1. n the N structures and the surrounding
fluid is denoted by 2y, where Ny = N+1. With these notations, the entire fluid /structures
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Figure 1.5: 2D example of a fluid/structure domain 2 represented by an Eulerian grid.

domain €2 is partitioned into N + 1 objects as:

.= UL ) (1.12)
FNf - Ui]\ilri-

)
z
Il

1.2.1 Fluid model

The fluid Qy, is a Newtonian viscous incompressible fluid. It is governed by the
incompressible Navier Stokes equations. Let 7' > 0, ¢ € [0, 7], and = € Qu,(t), we denote
by:

o U(x,t): fluid velocity field

e P(x,t): pressure field

o ys(x,t): dynamic viscosity of the fluid

o ps(z,t): fluid density
The incompressibility constraint is given by:

VU =0in Qy,(t)
This constraint gives the following mass conservation equation:
Owpy +U - Vpp=0in Qy (t)
Then, the fundamental principles of dynamics gives the following equation :
pr(OU + (U-V)U) =V -0in Qp,(t)

Where o is the Cauchy stress tensor and D(U) is the deformation tensor. Finally, the

incompressible Navier Stokes equations are given by:

{pf(atU + (U -V)U) = uyAU +VP = prf inQy, x (0,7) 113

V-U=0 il’lQNfX(O,T)
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where f represents the external forces exerted on the fluid. These equations have to be
supplemented with initial conditions and boundary conditions on I' the boundary of €.
After non-dimensionnalization, one can obtain the dimensionless Navier-Stokes equations

AU + (U - V)U)) — émuvzaz 0 inQx(0,7)
V-U=0 in Q2 x (0,7)

(1.14)

where the Reynolds number is given by:

L, and U, are the characteristic lenght and velocity of the model, p, denotes the char-
acteristic viscosity of the considered fluid. The Reynolds number is a physical parameter
which provides information on the type of flow. Depending on its values, the flow can
be classified in different categories. Mainly, if Re < 2000 the fluid is laminar meaning
that the viscous phenomenons are more important than the inertial effects. When the
Reynolds number is higher than 4000, the inertial effects are the most important, this is
called the turbulent regime.

In the case of small Reynolds number, one can neglect the convective term (U - VU), the
obtained system is the Stokes equations. In particular, the Stokes model has been widely
used for modeling blood flow at places where the Reynolds number is of order 10~* (small
vessels or capillaries).

1.2.2 Immersed rigid bodies

The motion of a rigid body is obtained by means of the principle of conservation of
linear and angular momentum. For a body €2; immersed in a fluid, the equation which

governs the translation is:
dV;
migy = h
In the above equation, m; denotes the mass of €2;, V; the translational velocity, ¢ is the
time and F; is the sum of all the forces exerted on the particle £2;. The total force F;
takes into account the hydrodynamical forces and the external forces F,; (for instance

the gravity force) :
E = Fext + / an;
r

where n; is the normal to I'; pointing outside the particle €2; and o is the Cauchy Stress
tensor for a newtonian fluid. The conservation principle of angular momentum can be
stated as:

dwi

=T
Jdt

where J; is the inertial matrix, =¥ its gravity center, w; denotes the rotational velocity of
the rigid body €2;.The total torque T; due to hydrodynamical forces and external forces
is:

E:Tezt+/(x_$§)xg
I;

Then, the interaction between the structures and the fluid is modelled by the Navier
Stokes equations for the fluid, the rigid motions in the fluid for the solid bodies and the
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no slip boundary conditions on each rigid body interface. The no-slip boundary condition
means that the fluid adheres to the solid boundaries, this condition reflects the fact the
considered bodies are rigid and thus do not deform.

Finally, the complete model can be expressed as follows:

pr(OU + (U -V)U) =V - (uVU) + Vp =0 in Qu, (1) (1.15)
V-U =0 in Qu,(t) (1.16)
U =V; +wi(x —29)* on I(t), (1.17)
dVi
mit = Fy (1.18)
dw,-
=t =T, (1.19)

These equations have to be supplemented by boundary conditions for the fluid velocity
and initial conditions for the studied variables.

1.2.3 Immersed elastic membranes

We give here a general description of N immersed elastic membranes without precise
specification of the elastic behaviour of the membrane. Each structure €; is a closed curve
in dimension two or surface in dimension three which encloses an incompressible fluid of
dynamic viscosity u; and density p;. The elastic forces are located on the membrane and
we consider impermeable membrane so that the jump of the velocity field at the interface
is zero:

Vie {1,..,N}, [U =0 on T},

We first present the incompressible Navier-Stokes for multi-fluid flows and an approxima-
tion of these equations for small variation of the density before introducing the immersed
boundary model of immersed elastic membrane.

Navier Stokes equations with variable densities and viscosities

We describe the incompressible Navier-Stokes for variables densities and viscosities,
we consider N fluids immersed in a fluid contained in the region objects {2y, .
Each interface I'; is a closed curve in dimension two or surface in dimension three which
encloses an incompressible fluid of dynamic viscosity p; and density p;. Defining the
density and viscosity function as:

p= { . p= { . (1.20)
ps n Qp, py o in Qp,
The Navier Stokes equations to model multi-fluid flows are given by:
p( U+ (U-VYU)—=V - (uDU))+ VP =pg inQx(0,7T) (1.21)
V-U=0 in Qx (0,7) '

where ¢ is the gravity force, the surface tension between the two fluids has to be added
to these equations.
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Boussinesq Approximations for the Navier-Stokes equations

In [14], Boussinesq proposed an approximation of the multi-fluid flows Navier Stokes
equations. In the case of two fluids with corresponding densities p; and p; (where py is
the density of the lighter fluid), this approximation can be made if the variation of the
density is small that is if the Atwood number A; = (p1 — py)/(p1 + py) is negligible, and
if the densities p; and p; are uniform on each side of the interface. By neglecting the
density variation in the inertial terms this approximation consider that the leading force
(compared to other forces between two fluids) is the one due to gravity.

Considering that :

Vi € {1, ,N},Vj S {1, ,N},pl = Pj

and denoting by dp = p; — p; the difference density between the surrounding fluid and
each fluid contains in the subdomain €);, if we suppose that:

op

—— <<« 1
(pi + py)

the Boussinesq approximation provides the following approximation of the system (1.21):

, (1.22)
V-U=0 in Q x (0,7)

{pm(ﬁtU+ (U-V)U)=V - (uD(U))+ VP =pg inQx(0,7T)
where p,, = pHerf is the mean density and p is given by 1.20.
The advantage of this approximation is that the obtained system is easy to implement
and as the coefficient in the Poisson equation is constant, fast elliptic solvers can be used.
This approach has been used in many previous works (see for instance [74; 87; 171]).

Immersed boundary model

In addition to being submitted to hydrodynamical forces the elastic membrane has its
own mechanical properties modelled by elasticity laws which can depend on the stretch-
ing, the curvature of the surface etc.

We present here the immersed boundary model for an immersed elastic membrane in the
two dimensional case.

Consider N elastic closed curves I'; each enclosing an incompressible fluid domain §2; with
corresponding viscosity p; and density p; surrounded by the fluid 2y, of density p; and
dynamic viscosity py. The linear densities of the curves are assumed to be zero.

For each T';, we denote by I'? the initial position of the curve and s — ~{(s) a parametriza-
tion of T'?. Let I't denotes the position of T; at time ¢, and ~; : [0, M] x [0,T] — ~(s,t)
denotes the regular parametrization of the curve I';, denoting by X the flow associated
to the vector field U, we have:

7i(57 t) = X<t7 7(1](8)7 O)

Thus, the parametrization v is solution of the following system::

, (1.23)

{@t%(s,t) = U(vi(s,t),1), se0,M], tel0,T]
%'(570) = 8(5)7 s € [OvM]
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where U is the velocity field of the continuous medium.

We denote by '}, the configuration of T'; when it is at rest and by 6; : [0, M] — R?, M > 0
a regular parametrization of I'].

For instance, we take for each curve the following elastic behaviour law :

(s f) = E vi(s, )\ (s, t)
et =r < 16:(s)] ) [vi(s, 1) (1.24)

where E’ is a function which satisfy E'(r) = 0 for » < 1. Defining the density and
viscosity functions as in (1.20) the immersed boundary model for the N immersed elastic
membranes is:

( . 1
pOU +U - FU) = - (D(U) + VP = LY 75 (G e+ pf - 0% (0.T)

V-U=0 Qx(0,7)
0vi(s,t) = U(vi(s, t),t),s € [0, M],t €]0,T],Vi
[ 7i(5,0) = '(s),s € [0, M]

(1.25)
This model of immersed elastic membrane consists in a model for multi-fluid flows
supplemented by the elastic force term. The model used in this work is described in
Chapter 7, it has been introduced in [32] it is inspired by the immersed boundary model,
a level set method is used in order to locate and evolve the interface and the elastic forces
are expressed in terms of the level set function. The obtained model is described in a fully
eulerian formulation allowing to use a Cartesian grid mesh to represent the fluid /structure
domain.

1.3 Front tracking and Front capturing methods

Two different approaches can be adopted to represent the interface: the Front tracking
and Front capturing method.

The Front tracking methods provide an explicit representation of the interface by
means of Lagrangian markers. The Lagrangian points are initially distributed on the
interface ("Surface" tracking) or inside the structure (or the fluid) ("Volume tracking
methods"). To evolve the structure, the velocity is interpolated from the Eulerian grid
points to the Lagrangian markers allowing to advect the Lagrangian points.

Unlike the Front-tracking methods, the Front capturing methods give an implicit rep-
resentation of the interface. In this class of methods, a scalar field captures the interface
and is transported in order to evolve the structure, those methods differ by the choice of
the scalar quantity and the technique to reconstruct the interface. For instance, in the
Volume of Fluid method [79], this function describes the volume fraction of a particular
phase in each grid cell of the all computational domain. At each time step, the function is
reconstructed according to the volume fraction of the phase, then it is advected and the
volume fraction is reinitialized. In the phase field method [3], the interface is regularized,
each phase is characterized by a constant physical parameter allowing to evolve and locate
each phase. Another popular approach is the level set method, this is the one we based
our work on, we will detail this approach in the next section.
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1.3.1 The Front-tracking methods

We consider that the fluid/structure domain €2 is discretized by a time-independent
Eulerian mesh grid. The interface is followed by a set of Lagrangian points. Denoting by
X; the position of a particle ¢, this particle is advected by the local velocity U; as:

dX;
dt

where the velocity U; is interpolated from the Eulerian grid points to the Lagrangian
markers.

= U; (1.26)

The Marker and Cells method

The Marker and Cells has been firstly introduced in [75] to simulate free surface
incompressible flows. The fluid/structure domain is discretized by a fix Cartesian grid.
Initially, the Lagrangian markers are uniformly distributed in the structure subdomain 2,
and then advected by (1.26). The reconstruction of the interface is based on the presence
of marker fields in the Eulerian grid cells. Later, this method has been successfully and
widely applied to multi-fluid flows. This technique is efficient to conserve the volume and
to distinguish the different medias. However, compared to the resolution of the Eulerian
mesh, a large number of Lagrangian particles have to be introduced. Moreover, in the
presence of large deformations, additional procedures are required in order to distribute
regularly the markers on the interface and inside the structure. As a consequence, this
method can induce a high computational cost in particular if several immersed structures
are considered and/or in the three dimensional case.

The Surface tracking method

The Front tracking method, inspired by the MAC method has been developed by Dali
in [37]. Instead of distributing the particles in the all structure domain, the Lagrangian
markers are only located on the interface. Then, the interface is reconstructed by high
order interpolations of curves passing through these points. Thus, the location of the
interface is more precise. However, topological changes are not directly taken into account
and again procedures to distribute regularly the markers on the interface are required.
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Figure 1.6: Volume tracking vs Surface tracking methods. The black points represent the la-
grangian markers.
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1.3.2 Front capturing methods

The basic idea of the Front capturing methods is to use a scalar function to locate
the interface, this scalar field takes different values in each media. A fix Eulerian mesh
grid represents the entire domain €2 and the scalar function is transported by the velocity
of the fluid or the structure. The topology changes are taken into account by the scalar
function. Moreover, the choice of this scalar quantity may allow to compute explicitly
normal or curvature of the curve, to conserve the physical properties of the structure like
mass conservation. We present in what follows three popular capturing methods: the
phase field method, the Volume of Fluid method and the Level set method which will be
present in the next section with more details.

VOF methods

The Volume of Fluid method (|79]) describes the volume fraction of the fluid in each
grid cell of the all computational domain. A volume fraction function ¢ is initially equal
to 0 in the structure and 1 in the fluid. This function is advected by the fluid velocity
field U as:

O¢p+U-Vop=0 inQ

The transport equation changes the values of the scalar field at the interface, its values

will be comprised between 0 and 1 at the grid cells close to the interface. As the volume
fraction field ¢ is discontinuous, standard upwind finite-difference schemes can not be
used as it would diffuse the interface. Instead, according to the volume fraction of each
grid cell, the interface is reconstructed.
There exist various methods for the geometric approximation of the interface. The most
famous approach consists either in reconstructing the segments parallel to the mesh grid
cells (Simple Line Interface Calculation), [150] or the segments obtained by means of
the normal to the interface (Piecewise Linear Interface Calculation). Several numerical
schemes have been designed to advect the reconstructed interface [150], those schemes are
mostly based on eulerian advection on structured grids. Although mass conservation is
accurately achieved with the VOF method, the computation of the geometrical properties
of the curve like normal or curvature is not accurate [150]. Moreover, this method is
difficult to implement for unstructured grids and in the three dimensional case.

Figure 1.7: Illustration of the VOF methods. The red curve is the fluid/structure interface.
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Phase field methods

The phase field approach belongs to the class of diffuse interface methods like for
instance the volume tracking method. A non physical scalar function is introduced in
order to distinguish between the interior of the structure and the fluid region. This
function assumes two distinct constant values in each region (for instance here —1 in the
fluid and 1 in the structure) and varies continuously from these two values across a thin
boundary layer, which is used to described the structure interface. Most of the phase field
models are based on a free energy functional which depends on the phase field ¢ and a
diffusive field, in its simplest form this energy is provided by:

B

o«
4

E=_|Vo]*+

5 (¢ —1)% (1.27)

The advantages of this approach is that the topology changes are automatically handled,
the geometric quantities are computed explicitly using the phase field and the extension to
dimension three is easily achieved. However, even if the phase field varies continuously at
the interface, a fine resolution is required close to the interface to capture high gradients.

1.4 Level set method

The level set method, pioneered by Osher and Sethian in [138], is very popular to
treat problems involving interfaces. It is widely used for numerical analysis of surfaces
and shapes and in the context of fluid /structure interaction.

The books [137] and [157] gives a detailed description of the method and an overview of
its possible applications.

The general idea of the level set method is to define a scalar function in the all
computational domain that assumes a 0 value on the location of the interface to capture.
Then, this function is transported in order to evolve the interface by taking into account
the governing equations of the model. At each moment, the 0 value of the level set function
gives the location of the interface. Usually, this function is defined or reconstructed as a
signed distance function to the interface, which is regular in each subdomains.

This implicit representation of the interfaces offers several advantages. An interesting
one is that it automatically takes into account topology changes and the global represen-
tation of the curve allows to consider a curve with several pieces. It permits in particular
to handle easily large deformations.

The dimensions two and and higher are treated very easily, in the three-dimensional case
the level line 0 is a surface.

Moreover, numerically, the level set function is discretized on a fixed grid, allowing to use
simple finite differences schemes to discretize quantities which depend on ¢. However,
the accuracy of the information we have on the surface is not the same everywhere and
several procedures have to be considered in order to keep an accurate and robust method.

1.4.1 The level set function

To introduce the level set method we consider a bounded domain Q € R? (d =2 or d =
3) partitionned into two sub domains €2; and €25. We denote by I'; the boundary of ©; and
I' the boundary of €2, giving 2 = Q; UQ,UT". We denotes by ¢ the level set function which
captures the interface I';. This function is usually chosen to be negative (respectively
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positive) inside €2; and positive (respectively negative) outside, and to assume a 0 value
on the interface:

p(r) <0 z ey

p(r)=0 2z eIy

d(r) >0 z el

Moreover, in order to have a differentiable function in a neighborhood of the interface,
it is usually initialized as a signed distance function:

¢@):{—aﬁrg z e (128

d(a:,Fl) T e Qz

where

d(z,I'y) = minflz — y]|.

By using a signed distance function, the obtained results avoid under-resolution prob-
lem and are more accurate., as the computation of geometrical properties of the curve
such as curvature or normal.

Figure 1.8: Representation of the level set function. The left picture shows the level set function
on a plane where the black contour is the zero value of the level set function.

1.4.2 Numerical tools

Using an implicit function to capture the interface tells us directly to which region
belongs a point x with the help of a Heaviside function H and its corresponding Dirac
function ¢ applied to ¢. The Heaviside function is defined as:

0 ifg<0
H(¢) = % if =0 (1.29)
1 ifp>0

29




CHAPTER 1. FLUID/STRUCTURE INTERACTION AND LEVEL SET METHODS

In practice, a regularized version of these functions H. and (. is used on the interface
in order to reduce grid effects:

0 ¢ < —¢
sin(@)
H(¢) = %(1 L2 £y gl <e (1.30)
£ s
1 ¢>e
0 o< —¢
¢(9)) = 2—1€<1 +Cos(%¢)) 6| < e (1.31)
0 $>e

where € represents the interface half thickness. The justification of this regularization is
described in [177] following the ideas introduced by Peskin in [143]. In the literature, this
value is usually taken equal to 1.5h where h denotes the space discretization step.

The geometrical characteristics of the curve such as normal vectors n and curvature x
are obtained explicitly using the level set function:

Vo o (Vo
"= TV (|V¢|)'

Hs A Cg‘

>
> 0 >

" - 0 £ —€ 0 &

Figure 1.9: Representation of the regularized heaviside and delta functions H. and (..

1.4.3 Transport equation

The evolution of the interface I'; is based on the transport of the level set function ¢ by
the velocity of the continuous medium. The velocity field can depend on the space, time,
geometric properties of the curve and/or the physics of the problem. For instance, in a
problem of fluid/structure interaction this velocity field corresponds to the fluid and/or
the structure velocity field. Denoting by U an incompressible velocity field, the level set
function is evolved by:

O +U-Vo=0 inQ

o0 —do im0 (1.32)
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For general velocity field U, the solution of this equation may have a loss of regularity
with respect to the initial smoothness of ¢g. It does not conserve the level set function as
a signed distance function (i.e. |V¢| = 1). In order to solve this problem, several methods
have been introduced.

1.4.4 Reinitialization of the level set function

When ¢ is a signed distance function, its value gives a useful information on distance
to interface. However as stated above, this property could be lost while transporting ¢.
We give here some existing methods to recover this information.

Renormalization of the level set function

In [33; 139], it has been shown that the function % approaches the signed distance

function close to the interface (¢ = 0).

This method is very useful as it gives the first order signed distance value close to the
interface, allowing to compute correctly the Heaviside and cut off function H., (..

It has been used in several applications, including numerical simulations of immersed
vesicles [32; 115]. In [115], one immersed vesicle is considered, the velocity is quite regular
and the information on the signed distance function is only required in a neighborhood

of the interface. Consequently, using i is sufficient for this application.

Vo
If the values of the signed distance function is required far from the interface and/or if the
velocity is too irregular, this approach is no longer sufficient. Indeed, when the velocity is
too irregular, the gradient magnitude of the level set function can take large or very small

values leading to significant errors. For instance, if |[V¢| << 1, computation of i could

Vol

lead to increasing numerical error, while for |V¢| >> 1 so that the term % becomes

close to zero, artificial new portion of interface could be created in the computational
domain. In this scenario, a reinitialization of the level set function is still required. As

for the

the level set function will be updated it is more accurate to use the term ‘vgb p

computation of H., (..

Modification of the transport equation

An other idea proposed in [72] is to replace the advection equation of ¢ by the following
equation:

Op(x,t) + (U -Vo)(x — dVo,t) =0 (1.33)

With this advection equation, the interface ¢ = 0 is still evolved with the velocity field
U and ¢ is at each time a distance function. However, the non-locality of this equation
makes it difficult to use in the context of fluid mechanics.

Fast marching method

The fast marching method is a very robust method to reinitialize the level set func-
tion as a signed distance function. It has been presented in 1996 by Sethian in [156].
The principle of the fast marching method is to compute the distance function from the
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smallest values (close to the 0 value of the interface) to the greatest ones. The distance
is propagated from the interface to far regions by taking care of never recomputing the
points already assigned by a distance value. More precisely, we look for the solution of
the following eikonal equation:

(1.34)

Vo =1 inQ
=0 on[’

The numerical resolution of this equation presented in [156] is inspired by the Djikstra
method introduced by Tsitsiklis in [172]. The Djikstra algorithm developed in [172] allows
to compute the minimal short path between two points, by treating only one time each
grid point of the domain, its computational complexity is o(nlog(n)) where n represents
the number of grid points.

The numerical scheme used to solve the equation (1.34) is the one introduced in [151].
In the two-dimensional case, denoting by Az, Ay the horizontal and vertical discretization
space steps, the numerical scheme is formulated as follows:

max (max(D; ¢;;,0)%, min(D ¢;5,0)?) + max(max(D, ¢ij, 0)?, min(D; ¢y, 0)%)) =1

(1.35)
D} ¢ij = JA—le’D;gbij — %’
_ Gij — Gij—1 Gijr1 — Dij
Dy ¢y = #, D = #,

This is a first-order scheme.

The scheme (1.35) implies that the information moves in one direction only : from
the lowest values of ¢ to the highest ones. In order to propagate the distance inside and
outside the interface object, one can perform the algorithm twice, that is first compute
the distance function outside (the points inside the object are considered as Alive), then
multiply by —1 the distance function to propagate the distance inside.

To achieve the unique pass algorithm, the computational domain €2 is partitioned into
three subdomains: Alive, Narrow-Band and Far Away points (see Figure 1.10). Those
sets of points are defined by:

e Alive (A): set of points on which the values of ¢ are known

e Narrow-Band (NB): set of points were the values of d are unknown and the distance
to A is less than one space discretization step.

e Far away (F): all others points of the domain and at those points we set ¢ = —o0

In order to have a consistent initialization of the fast marching procedure, we take the
following boundary conditions for the eikonal equations:

¢

¢ = e (1.36)

The procedure is sketched as in the following algorithm.
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Figure 1.10: Partition of the computational domain.

Algorithm 1Initialization phase

e Closest points at the interfaces are tagged as Alive and at those points the values
of ¢ are fixed by (1.36).

e Add the neighbors of the Alive points in the Narrow Band.

e At the Far Away points, assign the value oo to ¢.

Algorithm 2[terative phase

e Find the point x,, such as ¢(x,,) = mingenp) ¢() .
e Delete x,, from the NB.
e Compute the new values of ¢ at the neighbors of x,,.

o If the neighbors of z,, are in the Far away set, add them in the NB.

The speed of the fast marching procedure relies on the sorting algorithm to find the min-
imum value of the Narrow-Band set. The Narrow-Band set is defined as a Fibonnaci
binary heap. Thus, the first element of the NB heap directly gives the point x,, at which
¢ have the minimum value of the Narrow-Band set: ¢(x,,) = mingenpy ¢(x) .

Two procedures are required: one to suppress the minimum value of the NB and one to
add elements in the Narrow-Band. Numerically, a circular linked list is used to define the
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NB heap, allowing to reduce or increase the size of the heap and it provides access to the
first and last element directly.

When the first element is suppressed, the last element of the heap (having the maximum
distance value of NB) is placed at the head on the heap. Then, a heap sort procedure is
achieved, the element goes down in the list until it reaches its right position.

When an element is added to the NB, it is placed at end of the list, and the element goes
up in the list until its right position.

A detailed description of the implementation of this procedure can be found for instance
in [181].

The complexity of the Fast marching algorithm is O(nlog(n)) where n denotes the
number of grid points of the domain, this complexity is given in the worst case that is
when all the points of the domain are contained in the Narrow-Band. Denoting by n, the
number of grid points in the Narrow-Band of one interface, the complexity is O(n; log(ny)),
if we propagate k interfaces this complexity becomes O(kn;log(kny)), in this case it seems
better to achieve k fast marching procedures as the complexity is reduced O(kn;log(ny)).
However, depending on the number of interfaces k, the fast marching procedure for the k
interfaces will stop propagation most fastly, as in the second case each interface propagates
in the all domain whereas in the first one the interfaces are propagated simultaneously.

Resolution of a Hamilton Jacobi equation

An other popular method to reinitialize the level set function ¢ consists in solving a
Hamilton-Jacobi equation on the level set field. This method has been introduced in [167]
and has been largely used and improved since then like for instance in [49; 165; 181]. The
Hamilton-Jacobi equation can be formulated as:

B — sen()(1 w-’%) —0 (1.37)

\Y
The level set function is transported with a velocity ﬁ where the sign function sgn

permits to propagate the front in the two directions (inside and outside), in [167] it is
defined as:

¢

sgn(¢) = Jrie

where €, is a smoothing parameter.

An advantage of this approach, is that it is easy to implement as the same schemes
used to transport the level set function are used. However, different parameters has to be
chosen like €, the frequency of reinitialization and the time step used to discretize (1.37).
No explicit values exist, thus different numerical tests have to be performed in order to
find the right parameters.

Moreover, a significant loss of mass is observed after long time simulations.

Additionnal numerical procedure

Reinitialization procedures are not always sufficient to conserve the volume of the
structures. An additional numerical procedure introduced in [163] can be used and consists
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in using an iso line of the level set function in the vicinity of ¢ = 0 in order to keep a
constant volume without changing the form of the interface. At each time t"** = (n+1)At,
the distance between the two isolines is computed as:

Vn+1 S VAL
= — (1.38)
¢ Jr, drh
where V7 — V" = anJrl dx — an dx the new level set function is computed as:

Indeed, at each time using the regularized Heaviside function, the volume is given by:

V(g) = /Q H.(—)da

and for C' € R close to zero we have:
d
V(ip+C)=V(e) + C@V(gb + C)jc=0 + 0(C)

where :

d 1
%V((ﬁ—f—c)lC:o:/ﬂ—g@(@dﬁ

This last term corresponds to the length of the regularized interface. Thus this con-
dition is avalaible if Cy is sufficiently small and the level set function has to be a signed
distance function close to the interface. This technique avoid the errors accumulations
which can lead to a great mass loss.

1.4.5 Hybrid methods

Hybrid level set methods were developed in order to overcome the main weakness of
the level set method which lies in its inaccuracy to achieve volume conservation. In regions
where the fluid flow is under-resolved, the level set function can not show accurately if
characteristics separate, merge or are parallel which leads to volume loss. To overcome
this problem, several techniques have been designed.

The coupled Level set/VOF methods [166] combines the advantage of the VOF meth-
ods for volume conservation while preserving those of the level set method for the geomet-
ric properties of the curve. Both a level set function and a volume fraction are advected
by the velocity field. Then, the VOF interface is reconstructed by using the normals
computed with the level set function. Finally, the level set function is reinitialized as a
signed distance function to the reconstructed interface.

Introduced in [49], the Particle Level set Method consists in using a level set function
to capture the interface and a set of a Lagrangian particles are seeded in a vicinity of the
interface to correct the location of the interface. The Lagrangian particles are initially
located on each side of the interface and are labelled with the sign of ¢. Then, those
markers are transported in a Lagrangian manner, and the level set function is transported
with the continous velocity field. When a particle switchs to the other side of the interface
(for instance if a particle labelled by ¢ > 0 changes its label), the level set function is
corrected using an algorithm which takes into account the particle positions.
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1.5 Numerical resolution

We present here the numerical resolution of the Navier-Stokes equations and of the
transport equation of the level set functions with the fluid velocity. For a sake of simplicity
we place ourselves in two dimension 2 € R? and we consider the Navier-Stokes equations
for variable densities and viscosities :

p(O U+ (U-V)U)=V - (uD(U))+VP=f inQx(0,T)
V-U=F in Qx (0,7) (1.40)
Op+U-Vop=0 inQx (0,7)

where p and p are defined in (1.20).

f is a force which depends on the level set function ¢. Here, we do not take into
account the immersed structures, only their interfaces are captured and evolved by the
level set functions.

1.5.1 Discretization MAC and space discretization

The system is discretized by a finite difference method on a staggered grid (MAC
type). The pressure function is located at the center of the mesh cells and the velocity
at the center of the sides and the level set function is either located at the center of the
cells for a coarser grid or we use a finer grid for the level set function. The finer grid is
used when the model requires high derivatives of the level set functions see Figure 1.11
in particular we use this discretization for applications to elastic membranes.

The divergence free condition is computed at the pressure point which enforces the
volume constraint accurately.

Vigt+d Vii+i

Viri @  @F; @ Virtsi Ui-i @ @r;, @ U

Vi Vi

1 1
1.7_5 5.7_5

Figure 1.11: Eulerian coarse (left) and fine (right) grid for the level set function.

1.5.2 WENO schemes for the transport equation

The level set function is transported by means of the equation (4.2). This equation
is either discretized with a WENObH scheme or with ENO 3 scheme and an Euler explicit
scheme or a Runge Kutta of order 2 scheme in time are used.
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The ENO schemes introduced in [159; 160]| use different stencils of the solution in
order to compute the derivatives, depending on the local regularity of the solution one of
this approximation is chosen. Later, in [112] the WENO schemes have been proposed to
improve the ENO schemes which suffers from unstable computation of the solution in the
regular regions. This is achieved by taking a convex combinaison of the three different ap-
proximations of the derivatives. The computation of the weights depends continuously on
the regularity of the solution on each candidate stencil. In the regions where the solution
is irregular the interpolations are affected with a weight close to zero, giving the robust
ENO schemes. In the regions where the solution is regular, the weights are homogeneous
for the three approximations. The weight depends on the local regularity of the solution.

To describe the WENO and ENO schemes we consider an explicit Euler scheme in time
of the transport equation in the two dimensional case. Let Ax, Ay be the horizontal and
vertical discretization step of the Cartesian mesh. We denote by At the time discretization
step, u;; and v; ; the horizontal and vertical component of the velocity at the grid point
(i,7) and by ¢;; the level set function at the grid point (i,j). The first order explicit
scheme of the transport equation 4.2 is formulated as:

(QSZ;A B ZJ) n n n n
—Ar + ui;0:(97;) + vf'0,(97;) =0

This scheme is stable under the CFL condition:
Az

At < —————
max(|ul, |v])

Adopting an upwing approach and denoting by D, ¢ the derivatives at left and D} ¢ the
derivatives at right we get:

9 gb . D;Qbi,j if Uj,j <0
T D gy ifui >0

For the computation of the derivative D_ ¢, the ENO 3 schemes choose one of the
three following discretizations:

1 7 11

-1
D, ¢i; = 301 g2 + 5 s
1 5) 1
— 2
Dx ¢i,j = _E'UQ + 6U3 + 51)4
1 5) 1
-3
Dy ¢, = 3 + gl g%
where:
- (Gi—oj — Pi3;) vy — (Pi—1j — Pi2;) . — (bij — di-1;)
' Az P Ax e Az
vy = (Pit1y — ¢i,j)7 Vs = (Pit2y — Pit1y

Ax Ax
For the computation of the derivative D ¢, the ENO 3 schemes choose one of the three

following discretizations:
1 7 11
-1
Dx ¢i,j = §U1 — 6"02 + E’Ug
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1 5 1
-2
Dx ¢i,j = —61}2 =+ gvg + §"U4
1 5) 1
-3
Dac ¢i,j = —§U3 + 6’04 — 8’05

where:

 (Bigsy — Pitay)  (Pira — Dir1y) ~ (Piy15 — Dij)
V1 = , Uy = , U3 = T

Az Az

vy — (¢ij — ¢i—1,j)7 vs = (Qsi—l,jA_szi—Q,j)

Az

whereas the WENO 5 schemes choose a convex combinaison of these three discretiza-
tions, the computation of 9,¢ with the WENO 5 scheme is provided by the algorithm 3.

1.5.3 Resolution of the fluid low equations

The inertial terms of the Navier Stokes equation U - VU are either discretized with
a WENOS5 schemes described above or with a centered scheme, the diffusion terms with
a second order centered schemes and a projection method is used to decouple the fluid
velocity field and the pressure field.

Explicit projection method

The projection method introduced in the 1960’s by Chorin and Temam, is a very pop-
ular and widely used method to solve the incompressible Navier-Stokes equations.
This efficient approach allows to decouple the fluid velocity and the pressure. Thanks to
the decoupling, fast elliptic solvers can be used to compute the equation on the pressure
field.
Instead of computing simultaneously the momentum equation and the incompressibility
constraint, this technique consists in first computing the momentum equation for an inter-
mediate velocity and then project this intermediate velocity on a space of divergence-free
velocities. Given a time step At, we set t" = nAt and U™ ~ U(.,t"). The first order
explicit scheme is given by:

e Step 1 : Compute an intermediate state U*

A uD(U™
U= U”+At(—U”-VU”+w+£) (1.41)
e Step 2 : Solve the pressure
Vprtt\ V.Ut
v () "

e Step 3 : Projection of the velocity on a space of divergence-free velocities.

At
Un+1 _ U* o _vanrl (143>
1%
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Algorithm 3WENO 5 scheme

To compute D ¢ set:

o — (Pi—2; — Di—s;) v — (Pic1; — Giaj) - (hij — Dic1y)
! Ax 2 Ax P8 Ax

oy — (Git1; — Gij) e — (it — it
4 Ax P Ax

To compute D ¢ set:

 (Girsg — Div2g) (Do — bivry) (i1 — Dig)
U= Ax ) V2 = Ax » V3 = Ax

oy — (ij — Pic1y) e — (ic1j — Giaj)
4 Ax » e Ax

Compute the regularity coefficients as:

( 13 1
Sl = —('Ul — 2’02 + 'U3)2 + —(Ul — 4'1)2 + 3’03)2
12 4
13 1
SQ = E(Uz — 2’03 + U4)2 + Z(U2 — U4)2
13 , 1 ,
Sg = —(Ug — 2’04 + U5) + —(3U3 — 4U4 + U5)
\ 12 4
Setting:
1 1 1 1 1 1
Qg =— g = ——, Qg = —
P10+ 5 7T 10648, 0 106+ Sy
The weights are given by:
(o — @
a; + as + as
¢5)
Wy =—""-——
a; + as + as
as
Wy = —"—
\ a; + as + as

Finally, the horizontal derivatives are computed by setting:

_ v;  (vyg  1lug vy DUz Wy V3 DUy Us
Dt —¢ = ey 7 L2y = 2y =2
RN w1<3 6+ 6)+w2< 6+6+3)—|—w3(3+6 6)
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This ensures that div(U"™!) = 0. For a constant density, the equation (1.42) is a Poisson
equation and can be solved using fast Poisson solvers. The solver used is FISHPACK
which is adapted for MAC grid, it is a Poisson solver based on the Fast Fourier Transform
([168]). This solver allows to resolve numerically problems of the form: —AU + BU = F
where B is a space constant function. In the case of a variable density function, the
equation (1.42) is solved with a preconditioned conjugate gradient method.

Boundary conditions have to be imposed to the pressure and intermediate velocity in
order to impose the correct boundary conditions on the exact velocity U™,
For instance, using the explicit scheme for the Navier Stokes equations with a homoge-
neous boundary condition on the velocity and constant density, we set:

U* =0 onTl
n+1 1.44
8]; =0 onT ( )
n

giving:

U™ .n=0onTl
where n is the normal to I'. Thus, an error of order one on time is introduced as U™t # 0
where t is the tangential vector. As the diffusive terms are explicited, a condition on the
time step of the form At < C'ReA2 has to be used. This type of schemes can be used for
moderate Reynolds number.

Implicit projection method

When the Reynolds number is small, in particular for biological applications, an im-
plicit scheme is required.
The first order implicit scheme for the diffusion term is written by:

Ut = U 4 A (—(U”-VU”)+ V- w (pU ””)) (1.45)
v\ div U
. pr— 1-4
v ( p ) At (148)
Un+1 — U* . %vpn-l-l (147)

When the viscosity is variable and the density function is constant p = p. or if we can
apply a Boussineq Approximation, a trick is to decompose the viscous terms as:

V.- (uD(U*) ~ AU +V - ((p—1)DU")) (1.48)
so that using the FISCHPACK library, we can solve the following equation on U*:
At

: e A v + 2 (e (- my 4 L
U = CEAUT = U Al U VU)+pc (v ((u—1)DU ))+p)) (1.49)

If on the contrary the viscosity is constant between two fluids we define the average of
the density as po = (p1 + ps)/2 and we solve:

V- (uD(U*) =~ ZAU + (£ - Eyav (1.50)
Po P Po

40



CHAPTER 1. FLUID/STRUCTURE INTERACTION AND LEVEL SET METHODS

Finally we can compute U* as:

U — At AU = U — A~ U + (B - Eyaue 4 I (1.51)

Po p Po Po

When using the implicit scheme, one has to be careful with the imposed boundary con-
ditions imposed to the pressure and U*.
Indeed, for the case of homogeneous boundary conditions, if we impose:

apn-H
on

U" =0, =0 onl (1.52)

and denotes by n the normal to the boundary I' and using the equations, we obtain:

n+1

on

Ut =0 or =0

This induces significant errors close the boundary I', see for instance [36; 66; 186]. To
remedy to this problem, a large amount of researchs has been dedicated to the improve-
ment of the Chorin Temam projection method. For instance, in [99; 130] the boundary
condition of the velocity U* is modified by introducing a pressure gradient. In [96; 136],
projection schemes based on an exact condition on the pressure field are developed.

CONCLUSION

In this chapter, we have described some numerical methods for fluid/structure
interaction. In this work, we adopt a fully eulerian formulation of the fluid/structure
interaction. Within this framework, we used the Level set method to capture inter-
faces. Among the various Front-capturing methods, the level set technique is the
most adapted to this work for several reasons. First, the level set function can be
defined as a signed distance function providing informations on the distance to the
interface. Secondly, geometrical properties of the curve like the normal and curvature
are explicitly provided by the derivatives of the level set function. Moreover, other
properties like the stretching are explicitly computed by means of the level set func-
tion as we will see in Chapter 6. An other advantage of this method for this work,
is that one level set function can captures several interfaces. Moreover, as we have
seen, the level set method is easy to implement and the obtained solvers can be fast
if the appropriate precautions are taken. We also present the numerical resolution
of the fluid equations and the transport equation of the level set function. A time-
independent Cartesian mesh is used to discretize the equations with two different
resolutions for the level set function: the finer grid will be used for the simulation
of immersed vesicles as high derivatives of the level set function are required. The
resolution of the incompressible Navier-Stokes equations is achieved by means of a
projection method of Chorin type, the implicit scheme for the diffusion term is used
for the simulation of immersed elastic membranes, whereas for moving rigid bodies
the explicit scheme is more convenient.
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In this chapter, we present the model that allows to locate each structure and its
neighbor in the all fluid /structure domain. This approach is an adaptation of the multi
geometric deformable model (MGDM) [11] that was introduced by J. Bogovic for image
analysis. The MGDM method is a multi-object extension to the conventional geometric
level set formulation of active contours [23].

We consider a bounded domain Q@ C R? (d = 2 or 3) that contains N structures
immersed in a fluid. We denote by (€2;);=1, ny the N structures and the surrounding fluid
is denoted by Qy, where Ny = N + 1. The entire fluid/structures domain €2 is partitioned
into N + 1 objects as follows:

Qv = QUL 2} (2.1)
- = ULnyoe

)1
z
I

2.1 Level set models to capture multiple interfaces

As discussed in the last chapter, the level set method is an efficient approach to
capture and evolve structures in a domain. When dealing with several structures one
has to choose the right level set model to capture all the structures and alleviate the
computational cost due to an increasing number of particles. Moreover, being able to
distinguish each structure in the domain and preventing numerical contacts is necessary
for the applications we aim at dealing with. We present here some existing level set models
which allows to capture and evolve multiple interfaces.
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2.1.1 One level set function

One level set function can capture an arbitrary number of interfaces between the cells
and the fluid. Let ¢ be the level set function which captures the union of the N cells €2;,
i€ {l,..., N}, it is defined by:

¢(SL’) — ( N =1 ) =1
d(z,U;L I';)  elsewhere.

Using one single level set function yields a very low computing time as it is independent
on the number of cells. In the fluid/structure framework, the level set function can be
transported by the fluid velocity. However, while an advantage of the level set method is
to handle automatically changes of topology, in our case this property is problematic as
splitting or merging of interfaces are directly taken into account by the level set function.
Indeed, if two cells are too close the curvature and the normal are not well computed and
a strong drawback is that we do not have any information on the distance between cells.
Moreover, it is not possible to specify a different velocity model and/or a force for each
cell only based on the level set value. So this capturing approach can lead to collision and
merging of the structures.

2.1.2 Level set decomposition

Another way to capture multiple interfaces is to use one level set function for each cell.
Then, each cell interface I'; is captured by one level set function ¢;. Thus, it is possible
to specify a different speed or force to a cell €2; by using the level set function ¢; and we
get the distance between all the cells.

Indeed, the distance between two cells €2; and €2; is given by the level set functions ¢; and
¢; as follows:
Vo e Q¢ =d(z,I';) or Voe Q¢ =dzTI;)

This multiple level set decomposition has been widely used in image segmentation
and in fluid/structures interaction. A big inconvenient is its computational cost when
the number of cells increases as N transport equations and NV reinitialization are required
to evolve the structures and to maintain the N level set functions as signed distance
functions.

2.1.3  logy(NV) level set

An interesting approach has been introduced in [184] ; log,(N) level set functions are
used to capture N interfaces. This idea is based on the four colour theorem. For instance
for seven particles, we have eight regions and these regions can be described by three level
set functions using the sign of these functions, see Figure 2.1. However, each level set
function captures multiple interfaces. As a result we do not have information on all the
distance between the particles.

For image segmentation where the distance is not required it is a very desirable model
as it reduces the computational cost compared to the level set decomposition (N level set
functions).
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¢ <0
¢2 >0
¢3>0 ¢1>0
$2 <0
¢3>0
0
ﬁ:ZO ¢1>0
¢3 <0 ¢2 >0
¢3>0

$1 <0
¢$2 <0
¢3>0

Figure 2.1: logyp level set model.

2.2 Starting point of the method

As stated above, one can consider N level set functions to capture the N structures.
Let ¢; denotes the level set function which captures the interface T';.
The starting idea of the MGDM method [11] is based on one simple observation: each
level set function ¢;(z) can be decomposed into several distance functions depending on
the location of z in the domain 2.
Let us take the example of three bodies immersed in a fluid Qy,, as illustrated in Figure
2.2.
Let the level set function ¢; be a signed distance function :

—d(.ZT,Fl) T € Ql

Vo € €, =
v #1(@) {d(x,Fl) otherwise

where:
d(z,T'1) = mi —qll.
(z,T1) ye}{l”x il

If a point x is in €, then ¢y(x) = —d(z, 1) = —d(z,'n11). Therefore, the absolute
value of ¢1(x) corresponds to the distance to the first closest object Qy,1, that is the
object corresponding to the fluid.

If x is in Qy, ¢1(x) is either the distance to the second closest object to x (in the left
region of €)y) or the distance to the third closest object to x (in the right region of ).

Similarly, for a point x belonging to the body €3, ¢;(z) identifies the distance to the
third closest object.

Therefore, depending on the location of x in the domain, the level set function ¢, is
either the distance to the first, the second or the third closest objects. In the same way,
¢o and ¢3 can be decomposed into these three distance functions.

To extend this approach to an arbitrary number of structures N, one can introduce a set
of label maps Lg, L1, Ls,..,Ly as:
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(Lo(x) =1ifx €
Li(z) = argmind(z,T;)
J#Lo(x)
Ly(x) = argmin d(z,T;).
Ve e Q,Vie{l,..,N+1}, & {Lo(x),L1(x)}
Ly(z) = argmin  d(x,T;).
\ j#L(z),k=0,....N—1

The label map Lg provides a partition of the whole computational domain €2 into N + 1
different objects. The label maps Li(x),k = 1,.., N identifies the index of the kth closest
object for any point x of the whole computational domain 2. For each point x in €Q, if
Li(z) = i then the object €2; is the kth closest object to .

By means of these label maps one can recover the N signed distance functions as follows.

( —d(flﬁ, FLl(x)) ifi= LO(ZL‘)
d(:l;, FL1(1)> ifi=1, (x)

Vee QWi {1, N+1}, ¢i(z) =4 fj’(gc’FLW’) ffl = La(z)

\d(xarLN(I)) ifi= LN<5C>

For a point x in , d(z,T'z,()) is the distance to the ith closest object to z. In the

Figure 2.2: Partition of the domain €2 for a configuration of three bodies.

case of two immersed bodies, the label maps Ly, Ly ,Ls allow to recover exactly the two
level set functions. The proposed model only use the three label maps Ly, L1 and L, and
there associated distance functions, in particular to recover the IV level set functions in a
neighborhood of interfaces.
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2.3 The three label maps

At every point x of the fluid/structure domain €2, the label maps Ly, L; and Lo are
defined as:

Ve e QVie{l,..,N+ 1},

Lo(z) =iifx e
Li(xz) = argmind(z,I;)

J#Lo(z)
Ly(x) = argmin d(z,IYy).
J#{Lo(z),L1(x)}
or equivalently:
Ly(x) =7 if the first closest object to x is €,
Lo(z) =k if the second closest object to x is €.

The label map Lo(x) gives the object number to which the point = belongs. The label
map L;(z) and Lo(z) identifies the index of the first and second closest object for any «
in the whole computational domain §2. As a consequence, the label map function Lo gives
the index of the first closest cell for any z in the whole computational domain. Moreover,
for each point of a solid the label map L; corresponds to the index of the fluid.

VeeQ,Vie{l,..,N},{ Li(z) =Ny
Lo(z) =k if Q is the first closest structure to z.

The Figure 2.3 gives an illustration of the label maps Ly, L; and Ly related to the
Figure 2.2. The red color represents the object related to the fluid. For each point of a
cell the label map L, corresponds to the red color. Moreover, the label map Ly gives the
index of the first closest cell for any x in the whole computational domain. For instance,
if a point x belongs to the green body ,the label map Ly corresponds to the closest cell
that is either the yellow one (in the left region) or the blue one (in the right region). For
all points z belonging to the blue body, the first closest cell is the green one. Likewise,
for all points = in the yellow body, the label map L, corresponds to the green one.

The Figure 2.4 shows an illustration of the three label maps in the case of five struc-
tures.

We can see that for all points belonging to the surrounding four cells ( green, yellow,
purple and light blue objects), the closest structure is always the blue one. On the
contrary, the label map Lo has partitioned the blue object into four regions, each of
them giving the color of the closest structure. Therefore, the three label maps provide an
interesting local description of the entire fluid/structure domain 2. At each point of the
fluid /structure domain we have the index of the first and second closest object. This local
representation of objects has to be completed with the two distance functions associated
to L; and Ls.
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Figure 2.3: Hlustration of the three label maps Lo, L1, Lo from left to right.

Figure 2.4: Illustration of the three label maps for a configuration of five cells, from left to right:
Lo, L1 and Lo. The white contour represents the boundary of the cells.

2.4 Distance functions

The distance functions associated to the first and second closest object are:

Vx €, {901(90) B

d
pa(x) = d(2,T1y(w))- (2.3)

The distance ¢1(x) is the distance from z to the first closest object’s boundary I'z, () and
@o(x) is the distance from x to the second closest object’s boundary I'z, ;). At any point
of the domain €2, the distance function ¢; captures the union of all cells interfaces and ¢,
provides the distance to the first closest cell. As a consequence, on each point of a cell,
we have the distance to the closest one allowing to define a collision model to the closest
interface. The Figure 2.5 shows an illustration of these two distance functions associated
to the label maps 2.3. The distance ¢, captures all interfaces and provides the distance
to the closest one at all points of the domain. For a point x belonging to the green object,
the distance function ¢, provides either the distance to the blue object (in the left region
where the label map Lo corresponds to the blue object) or to the yellow one (in the right
region where the label map Ly corresponds to the blue object). Similarly, for all points
belonging to the blue and the green object, ¢, is the distance to the green one.

Figure 2.6 shows an illustration of the two distance functions related to the label maps
of the Figure 2.4. If we take a point x belonging to the blue object, as this object is par-
titioned into four regions by the label map Lo (see figure 2.4), ¢; is in the yellow region
the distance to the yellow object, in the green region the distance to the green object and
so forth. For all points belonging to the four surrounding bodies that is the yellow, green,
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purple and light blue objects, ¢ is the distance to the blue object.

The three label maps, Lo, Ly, Lo and the two distance functions ¢, and , provide
information concerning the location of each structure in the domain 2 and the distance
to the first closest structure (¢2).

These informations are sufficient to handle numerical collisions between cells as will
be shown later. In fact, avoiding contacts is equivalent to require:

Ve e Q, pofx)>0.

Figure 2.5: Illustration of the two distance functions for a configuration of three circular cells,
from left to right: ¢1 and ¢9. The white contour represents the boundary of the cells.

0.000e+00 0.11 023 024 458le-01 2500e-02 013 0.24 0.35 4.586=-01
1 1

b U

Figure 2.6: Hlustration of the two distance functions for a configuration of four ellipse, from left
to right: 1 and 9. The white contour represents the boundary of the circular cells.

2.5 Reconstituted level set functions

For some applications, we need to specify a speed or a force independently for each
structure, in that case it is more convenient to recover the NN level set functions close to
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the bodies interfaces.

For instance, an application to rigid bodies requires the computation of the rigid velocities
for each structure.

Using the two distance functions the N level set functions can be defined as:

ifi=1
Vee QVie{l,...N+1}, ¢iz)= () ne 1(7)
pa2(x) ifi = Ly(x)
C otherwise

where C' >> 1. These functions are negative inside each object, positive outside and
Lipschitz continuous. Therefore, they are still level set functions, and in a neighbourhood
of each object, each level set function is a signed distance function. These functions
are explicitly defined by the distance ¢; and ¢, thus instead of evolving each level set
function one can also evolve the two distance functions and the three label maps.

An illustration of these functions is given in the Figure 2.7 in the case of three bodies
having the same configuration as in Figures 2.3 and 2.5. The white contour represents
the boundary of the cells. The constant C is fixed to one for illustration. We can see that
on the left region of the fluid /structure domain €2, ¢; is a true signed distance function
to the boundary I'y. In fact, inside the body € (the blue object) (Lo = 1), ¢1 = —¢
where ¢, is the distance to the interface I';. Then, while €2y is the first closest object
(L corresponds to the blue object), or the second closest object (Lo corresponds to the
blue object), the level set function ¢; corresponds to the signed distance function to the
boundary I'y. Likewise, on the right part of the domain 2, ¢3 corresponds to the signed
distance function associated to the boundary of 23. In this configuration, the level set
field ¢ is a true signed distance function in the all computational domain, as for all point
z in Q\Qs, the green object Qs corresponds either to the first closest object (Li(x) = 2)
or to the second one (Ls(z) = 2) (see Figure 2.3).

-9.902e-02 0.18 045 0.73 1.000=+00 -9.902e-02 0077 0.25 043 60401 -9002e-02 0,18 045 0.73 1.000e+00
! bt ! — il bt 1 L
o1 ®2 o3

Figure 2.7: Illustration of the three reconstituted level set functions for a configuration of three
cells (Figure 2.2).
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CONCLUSION

In this chapter, we have described the interface capturing method proposed by J.
Bogovic and exploited it in the context of multiple structures immersed in a fluid.
The label Ly provides the location of each structure in the domain, the distance
function ¢ allows to capture the union of all interfaces by means of the label map L,
which gives the indice of the first closest object. The distance field ¢, associated to Lo
provides the distance between the closest structures at all points of the fluid /structure
domain. These five functions will enable us to define a collision model in order to
avoid numerical contacts between the structures.
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Collision strategy
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For the numerical simulation of more than one particle evolving in a fluid, a numer-
ical strategy is required to avoid contacts and overlaps of the smooth particles although
theory [77; 78| demonstrated that two perfectly smooth particles can not enter in contact
in finite time, this phenomenon is due to the presence of a thin-layer of viscous fluid in
the interstitial gap between two close particles.

This chapter is organized as follows:

Section 1 is dedicated to the hydrodynamical interactions, in particular we present some
existing methods developed to prevent numerical contacts. In Section 2, the collision
model introduced in [31] is described. Section 3 is devoted to the description of the
proposed collision model to avoid contacts between the particles. Finally, in the last
section we give a comparison of the collision model [31] and the proposed model, an
estimation of the error between the two forces is given and the error induces on the
velocity flow is investigated by considering two Stokes problem.

3.1 Lubrication forces

Within a dense suspension of particles immersed in a fluid, different forces and phe-
nomena are responsible for the motion of the particles.

When the effect of the fluid is neglible, only the gravity force and the interaction be-
tween particles are responsible for their motion. This is called the frictional regime, and
corresponds to the case where the energy dissipated by friction is of the same order than
the energy dissipated by the relative motion of the particles. Two types of interactional
forces are possible between particles: the collision force and the friction force which obeys
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to the Coulomb Law.

Otherwise, the viscous regime corresponds to the case where the particles are driven
by the fluid flow. The velocity field of each moving particle is transmitted to the fluid
flow which induces forces and torques on the other particles. In the context of several
immersed structures, the hydrodynamical forces play an important role in the dynamic
of the bodies. In particular, these forces are responsible for the increase of the viscosity
in dense suspensions.

The Hydrodynamical Interactions (HIs) have different characteristics which render
them difficult to deal with. First, the behaviour of these forces is different if two particles
are close or far from each other. These forces are long-range attractive forces and become
repulsive forces when the gap between two particles is small. These repulsive forces are
called lubrication forces. Moreover, the HIs are changed between a pair of particles if
a third one is present in their vicinity. From a numerical point of view, in the context
of an Eulerian fluid /structure model, the HIs are well computed as long as the particles
are far enough from each other. We focus here on these short-range repulsive forces. We
first discuss the origins of the HIs. Then, we describe some theoretical and numerical
models used in the litterature to modelize these forces and to include them in numerical
simulations.

3.1.1 Origins of the lubrication forces

Lubrication forces play a key role when two or several bodies are close to each other.
When two particles are approaching each other, the interstitial fluid can not be evacuated,
as a consequence high pressure gradient develops in the interstitial gap in order to squeeze
out or push in the fluid, opposing the relative movement of the particles. High pressure
gradients develop in the form of Poiseuille-type flow and depend on the relative motion of
the particles, an illustration is given in Figure 3.1. The action of this force is dissipative
as there is no force if the particles are steady.

This force is proportional to the inverse of the separation distance between the parti-
cles, to the viscosity of the fluid, to the relative velocity and to the size of the particles.
Indeed, when the separation distance becomes smaller and the viscosity greater, the oppo-
sition of the fluid to the relative movement of the particles is more important. Moreover,
the greater the relative velocity between the particles is, the greater the force will be and
its sign is associated to the relative velocity. Its dependence on the size of the particles is
straightforward, as if we take the case of a particle {2, falling on an immobile sphere €24,
the larger the size of )5 is, more it is difficult for the interstitial fluid to get away leading
to an increase of the resistance of the fluid flow.
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v t

Figure 3.1: Fluid flow between two smooth spherical particles near contact, for two different
relative motions.

3.1.2 Analytical models

To understand the lubrication interactions and to integrate them in numerical simu-
lations, analytical models were developed to compute these lubrication forces correctly.
These models were mostly developed in the context of low Reynolds number in order to
use Stokes equations. The basic idea is to expand the analytical solutions for the lubri-
cation forces when the distance between two solids tends to zero. Thanks to the linearity
of Stokes equations, the hydrodynamic forces/torques are linear functions of the transla-
tional and rotational velocity U of the particle.

The first analytical models were developed for the interaction of a sphere and a plane-
wall immersed in a Stokes flow.
In [16] and [120] the exact expression of the lubrication force is given, a development at
large distance values is achieved in the case of a sphere close to a wall evolving in a Stokes
flow.
In [69], an asymptotic development of the solutions of the Stokes equation for translational
and rotational motions of a sphere is achieved. The authors provide the second term of
the lubrication force when the distance between the sphere and the plane wall tends to
zero. The test case of a sphere falling on a inclined wall is numerically investigated, and
results confirm that the sphere can not be in contact with the wall.
All these models provide an exact solution of the lubrication forces in the dimension two
with a first term formulated as:

rU
Fubweop = —6mpu— (3.1)

o
where p is the dynamic viscosity of the fluid, r is the radius of the particle, § the separa-
tion distance between the particle and the wall and U the velocity of the particle.
In fact, the first term —67urU corresponds to the drag applied on a sphere moving in a
quiescent fluid given by Stokes in 1851. In [135] and [30] a correction of this approxima-
tion to 01n(0) is proposed.

The three-dimensional case has also been studied in |69, for a separation distance
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§ << r?, the authors obtain the following approximation:

U
-Flub,w,?)D ~ _677-/457"23 (32)
The lubrication force is proportional to the size of the particles, the viscosity of the fluid,
the inverse of the separation distance and the relative velocity of the particles. Several
experiments (see for instance|2; 193]) confirm these approximations.

For two spheres approaching each other, in [35], an asymptotic development on the
power of the separation distance gives an equivalent of this force when it tends to zero.
For an immobile sphere of radius r; and sphere of radius r, moving with a velocity Us,,
one gets the first term of this force as:

Eub7p72D = —67w—— -+ O(ln(é)) (33)
where p is the dynamic viscosity of the fluid and 0 the separation distance between
the two spheres. Correction to In(d) acting on the spheres have been determined in
[117; 134]. Then, the authors in [89] provide an asymptotic solution at order §In(é) for
two converging spheres of different radii. The case of relative translation and rotation

has also been considered in [30; 134]. For two disks € and €2, having the same radius
r1 = ro = r, the normal lubrication force [30]| due to relative translation is expressed as:

1 9 3
F2 = —6mur (% ~ %0 In(d) — %5111(5) + O(l)) X (Ugq -e19)e10 (3.4)
where e; o denotes the normal vector along the line of the centers of the particles, ¢ is the
separation distance and U, = U, — U is the relative velocity.

Following [134], the tangential component of the lubrication force due to the relative
translation along the line of centers is:

an1 ~ —6mpr(Usy — (Uszy - €2,1).€2.1) In(9) (3.5)

Denoting by w; and w9 the rotational velocity of the particles and w 2 the relative rotation
about an axis perpendicular to the line of centers, the associated tangential force is:

TTur?

Ft%;j = T(U)LQ — 4(101 + ’UJQ)) X 6271) 11’1((5) (36)

It appears that the component of the lubrication forces having the most effect on the
particles is the normal one as it is proportional to % whereas the dominant term of the
translational and rotational component is In(d). Thus, it tends more slowly to infinity
when the distance ¢ tends to zero.

In fact, the tangential force exerted by the fluid on a body is a viscous shear force. That
is this force depends on the viscosity of the fluid and the roughness of the surface of the

particle. In this work, we only consider smooth particles.

Following [100] , the normal and tangential lubrication force acting on a particle €;
by the body 2; can be expressed as:

Fij = —Fji = —k(Dij)(Uij.eij)-ei; — k™ (Dy) (Uyj-€55)-¢3; (3.7)

[
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where:

C’i' g
D D

The coefficient C;; depends on the local radii of curvature of the particles and on the
viscosity of the fluid, € corresponds to the characteristic size of the bodies and gives the
distance of activation of the forces. For two spherical particles €2; and €2; of radius r; and
r; immersed in a fluid of viscosity p, the coefficient Cj; is:

Uy =U; = Uj, k’(Dij) = ) kL(Dij) = Ci? In

iJ i

2,.2

= Oy

This first order approximation of the lubrication force has been used for instance in
[121]. The first step of the method proposed in [121] is to compute the distance between
the particles, then the lubrication forces are computed one by one for each particle and
finally the velocities and particles positions are updated. In the case of a large number of
particles, this approach can induce a large computational cost and can lead to overlap.

3.1.3 Numerical strategies

The lubrication forces avoid collisions of bodies, during numerical calculations, the
accumulation of space and time discretization errors does not allow to capture accurately
these forces.

A first approach proposed in [81] is to refine the mesh in the inter particle gap in
order to resolve accurately these lubrication forces. However, this strategy leads to a high
computational cost as several refinements are necessary and the frequency of refinements
is not known a priori. Moreover, the interparticle distance can be very small (around
1075 times the size of the particles [128]). Consequently, using this approach in the case
of a large number of particles in particular in three dimensions looks impossible, the only
application in three-dimensions has been achieved in [90] for five spheres. Even with the
body-fitted mesh approach, dealing with a large number of particles induces a high com-
putational cost.

An other technique is to add the theoretical lubrication forces only when the gap
between the bodies is less than a given distance. Thus, when the particles are far from
each other the hydrodynamical forces are well computed by the fluid solver, and when
the intertitial gap becomes small a correction of the uncomputed lubrication forces is
added. The value of the smaller gap width for which we can not compute correctly these
lubrication effects has been determined in the case of a sphere approaching a wall [16] or
for two spheres [30] by using asymptotic expansions of the analytical solutions. In [121],
the lubrication forces are added to the numerical model and act like a correction of the
lubrication forces when the particles get close. The considered lubrication forces are an
extension of the asymptotic expansion introduced in [100] for the case of multiple parti-
cles. In this approach overlap of the particles can occur and if it happens the particles
are artificially separated and kept at a certain small distance.

The same approach is used in [39], the lubrication forces are computed using the distances
between particles and then incorporating into the fluid equations. Only the pair-wise par-
ticles being at a critical distance are considered, in order to reduce the computational
cost. However, this approach is not sufficient to deal with numerical contacts. Indeed, as
the lubrication forces are singular, the obtained system is stiff and numerical errors due
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to time discretization leads to numerical contacts. To remedy this problem, a short-range
repulsive force is added.

The correction of the lubrication forces has been largely used in [17; 98; 133; 170; 192].
Most of these models authorize the physical contacts (rough particle are considered for
instance). So models to take into account particle collisions are added.

For N particles, all these approachs approximate these interactions as a sum of pair-
wise particles interactions. As the theoretical lubrication forces are only known for two
particles, the interactions between the N particles is considered as the sum of the all
possible interactions between all the possible pair of particles.

Even if these interactions are short range, it has been shown in [26], that in a system with
many particles, making this assumption leads to unprecise computation of the forces.
In particular, they show that the contribution of three particles is affected. Ignoring
the multi body effects in a dense colloidal suspension can completely change the dynam-
ics. This kind of problem has been observed in the case of the structure of some materials.

In [188], a more accurate method is proposed to compute correctly these forces for
three spheres immersed in a viscous fluid. The main drawback is that the proposed ap-
proach is difficult to apply for more than three particles.

In [108], the authors propose a method to compute very accurately the lubrication
forces without any approximation based on [107] . The main idea of this approach is
to decompose the initial velocity flow into a singular part which contains the lubrication
forces and a regular part . The regular part is solved using a fluid solver and the singular
one is decomposed over the set of pair-wise close particles. To compute the singular
lubrication part, the same approach as in [47] is used. Then, the velocities are corrected
using the initial velocities to obtain the original problem.

Other collision strategies less respectful of the underlying physics have been developed.
In [122], a minimal distance is imposed between cells to forbid overlaps, this was achieved
by using a minimization procedure on a global functional of the cells position, this tech-
nique represents an efficient way to control the distance between structures. The velocities
are projected into a space of admissible velocities which ensures that no contact between
the structures or overlaps will occur, the velocities are thus forced to stay into this space
at each time step. At each time step, distance between particles are calculated, if this
distance is smaller than a certain value, the minimization procedure is activated to com-
pute the new velocities and finally update the particles positions. The advantage of this
method is that a minimal distance between the particles is maintained in a global way
contrary to the approach in [121] for which the repulsive force are computed one by one
for each particle. This method can deal with multiple contacts and large time step. For N
particles in two dimension, the system of equations to solve consists of 2N + N((N —1)/2
components.
In [124] a scheme for inelastic collisions is developed allowing to impose a minimal distance
between the cells. It has been used to model crowd motion ([127]) for active suspensions
[42], for rigid particles[50; 180]. In [125] a gluey particle model is introduced for rigid
bodies immersed in a viscous, incompressible fluid. This model takes into account the
viscous effects between the particles. It is based on a first order approximation of the
lubrication forces and is built by considering a vanishing viscosity of the fluid.
The extension to multiple particles has been achieved in [107] and is based on the pro-
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jection of the velocities onto a set of admissible velocities. In order to reduce the com-
putational cost due to a large number of particles, the projection of the velocities is only
activated for close particles.

Other methods less popular exist like in [118| where the size of the particles are changed
in order to increase the size of the gap between the structures.

An other way to impose a minimal distance between particles is to add short range
repulsive forces. The short range repulsive forces try to mimic the behaviour of the
lubrication forces by avoiding them from entering in contacts.

In [65] artifical short range repulsive forces between spherical rigid bodies are introduced
and avoid overlapping of the particles. Smooth collisions are considered meaning that at
the contact points of the particles the rigid bodies velocities coincides.

In [162], a modified repulsive force is proposed and allows the particles to overlap slightly
each other, the repulsive force is only activated when the particles overlap. At each
grid point of the overlapping regions, the constraint of the closer particle to that point
is imposed. Different parameters have to be chosen like the intensity of the force, the
distance of activation or whether the value of the rebound. This is a big drawback as
according to the chosen parameters, the effect of these forces can completely change the
dynamics of the particles [19; 38; 46; 191]. In [43] a non-parametric model is proposed
to treat collisions. Following [65], a collision model is developed in [31] for rigid bodies
having more general shapes.

3.2 A collision model in the case of a level set decom-
position

We present in this section the collision model proposed in [31]. This model was de-
veloped within a level set framework in the context of fluid/rigid bodies interaction. The
level set decomposition is used in such a way that each body interface is captured by one
level set function. The advantage of capturing the N structures with N level set functions,
is that we know exactly at all points of the computational domain, the distance between
each structure. Moreover, the repulsive forces can be distributed on each body interface.
When two solid bodies immersed in a viscous fluid get in contact, a part of the energy is
diffused into the fluid in a neighborhood of the particles (boundary layer). This model
allows the conservation of the energy.

Moreover, in the case of small number of particle no parameters is required.

3.2.1 One dimensional model

These repulsive forces has been introduced by considering a one dimensional model
like in [65]. Let z(¢) > 0 defined the position of a solid body and z = 0 represents the
location of a solid wall. The dynamical system chosen in [31] is:

k z

z=—exp(——
~ exp( gb)

This dynamical model acts on a width of order ¢, at the wall z = 0. It is short range
and singular at the contact point in order to avoid overlaps. Its potential energy is given
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by: B
e K
Ey(z) = [ gexp(—s)ds
€

The coefficient ¢, is of the same dimension of the width of the rebound. Indeed, let us
take the following system :

P = lexp(—2)
z2(0) =1 (3.8)
Z(O) =1y <0

If we denote by 2y, the minimal location of the particle (a point at which the velocity is
zero), the energy conservation gives:

1
By(oum) = —5 (3.9
leading to:
2
Zmin = €bF_1(;}—](;), for g, << 1 (3.10)
where F'is given by:
1
-1

F(z) = [ ©b ~exp(—s)ds
. S
Thus the coefficient k scales as the square of a velocity. Let z(¢) be immersed in a fluid of
viscosity p, z = 0 represents the location of the wall. Let r be the radius of the solid z(t),
using the first order development of the lubrication force and the fundamental principle
of the dynamics we have:
= —6rur’ == + t
mz Tur ) mgz(t)
Using this model, A. Lefebvre shows in [106] that no contact occurs in finite time.
Consequently, in order to mimic the behavior of the exact lubrication force when the
immersed solid body is approaching the wall, the coefficient £ has to be proportional to
the size of the particle and to the relative velocity.

3.2.2 Level set framework

In the level set framework, multiple level set functions are used in order to partition
the entire computational domain with each level set representing a distinct structure.
Consider NV bodies immersed in a fluid and denote Fj; the force applied by the body €
to the body €2; and ¢; the level set function which captures the boundary I'; of the body
€2;. The distance of a point x of €; to the body €; is given by ¢;(z) and the direction of
the force F}; is obtained directly by V.

Moreover, to localize the interface I'; one can use the delta function { regularized on a
thickness € on each part of the interface. The short range repulsive force is formulated as:

Vo€ Q, Fu(z) = gp(aj)C (qb"f)) V(bfég) exp (—%x)) (3.11)
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Consequently, we obtain the following collision model:

o € 0, Faaale) = 3 o) (PN T oy (LG) g

),

-

#J

where k is a repulsive constant proportional to the square of the relative velocities of the
corresponding bodies just before collision.
The density function p is given by:

N
p=pr+ Y (pr—pi)xi

i=1
where y; is the regularized characteristic function of the body €);:

xi=1—-H (ﬁ )
€
The coefficient € represents the half thickness of the interface on which we apply the
repulsive force. The interaction forces tend to zero out of a cut-off radius reducing the
number of interacting neighbours (see Figure 3.2).
The coefficient ¢, represents the rebound coefficient. In [31], this value is fixed to €. In
fact, when the distance is equal or higher to ¢, the repulsive force is almost zero like we
represent on Figure 3.2, thus increasing &, increase the activation distance of the force
leading to a higher minimal distance between particles.

The shape of the bodies is taken into account as it is applied on the surfaces of the
bodies. Thus, for two spheres {2; and €2; with radii r; > r;, the support of the regularized
delta function (.(¢;) is higher than the one of (.(¢;), thus the smallest particle will be
pushed with a higher intensity.

To a certain extent, this collision model try to mimic the lubrication forces as the

repulsive forces are short-range, the coefficient is proportional to the relative velocities of
the solid bodies and the shape of the bodies is taken into account.
This collision model accounts for all possible interactions between the N bodies. The
major drawback of this model is that for NV bodies captured by N level set functions, N2
computations of the repulsive forces are required, which represents a huge computational
effort.
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Figure 3.2: Behaviour of the repulsive force according to the distance r and the rebound &p.

3.3 The proposed collision model using the two dis-
tance functions

We present in this section the collision model used in this work. This collision model
is an adaptation of the collision model described above. We first present the direct
application of the collision model using the label maps and distance functions. Then,
we describe how the repulsive coefficient is computed for several solid bodies and using
the distance function (,. The short-range repulsive force avoid particles from merging, a
minimal distance is always kept between two particles.

3.3.1 Short-range repulsive force

To reduce the high computational cost of (3.12) we propose to adapt Fyona so that it
depends only on the two distance functions ¢; and @s. It comes:

Ve € Q. Fualr) = p(@)C. (61(2) ijjj) esxp (— ﬁf)) (3.13)

The term (. (p1(x)) gives the location of the union of all interfaces. Thus, this force
has its support on a subset I'. = {x € Q,¢1(x) < e}. Moreover, it takes into account
the interaction between the closest cells at all points. Indeed, as ¢, is the distance to the
second closest object at all points of the fluid /structures domain, if a body is surrounded
by other bodies the interaction of the other structures are taken into account on different
part of its interface.

For instance, in Figure 3.3, two different configurations of bodies are illustrated.
In the first configuration, the repulsive force applied to the blue surrounded body comes
from the four surrounding bodies as the label map L, has partitioned it into four parts.
On the yellow part, the force applied is the one exerted by the yellow cell and so forth.
On the four surrounding cell, only the forces exerted by the blue body is applied.
For the second configuration, only the green, purple and white blue particles exerted
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forces on the blue cell. As the yellow particle is far, the only forces exerted on it is the
one coming from the white blue particle.

The advantage of this formulation is that we get rid of the sum in (3.12) leading to a
considerable saving of the computation as there is only one repulsive force for an arbitrary
number of objects.

As proved in proposition 1 below, if two cells are at a distance greater than e, the
force becomes small. Moreover, numerical tests provide evidence that, in that case, this
force does not change the dynamics of the bodies.

The parameter ¢, corresponds to the distance of activation of the force, numerically this

Ly

Figure 3.3: Illustration of the three label maps for two different configuration of five cells (top
and bottom), from left to right: Ly, L1 and Ls. The white contour represents the boundary of
the cells.

parameter is fixed to the minimal distance between two particles. The intensity of the
force is controlled by the repulsive parameter k.

3.3.2 Computation of the intensity of the repulsive force

The choice of the parameters involved in collision models is a difficult task, as accord-

ing to the choice of the parameters one can obtain different dynamics of the solid bodies,
in particular when one deals with dense suspensions.
Numerically, in [31] the repulsive coefficient k is chosen equal to the relative velocities
just before collision, then this coefficient is fixed for the rest of the simulation. It has
been applied to two immersed spherical rigid bodies falling under gravity and in the case
of an ellipsoid rotating around a fixed sphere. This approach gives good results for two
interacting bodies.

We want to extend this approach to the case of multiple interacting bodies, and using
the label maps and distance functions. In the case of multiple interacting bodies, it is not
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possible to compute the relative velocities just before collision and to keep this value until
the end of the simulation. Indeed, multiple collisions can occur between two bodies and
the relative velocities are different before each of them. During the numerical calculations,
for instance in the case of sedimenting particles, these relative velocities get smaller and
smaller. Consequently, numerical contacts and overlaps can occur. Thus, in addition of
taking into account the relative velocities we have to impose a minimal coefficient when
some particles are almost at rest.

The relative velocities are computed just before collision and kept until the distance
between the concerned bodies becomes higher than a certain distance for which the re-
pulsive force is negligible.

To achieve this we use the reconstituted level set functions ¢ and the label map Ly ;.

The first step consists in computing the minimal value of ¢, distance distyin(Lo1, L2),
on each regularized interface in order to know if the coefficient remains constant for two
closest bodies or has to be computed again.

To do this, we define the regularized interface as:

ELo,1 - {y €, |¢L0,1(y)(y)| < 8}

The minimal distance is directly given by:

Vo € Q, distyin (Lo (), La(x)) = EmFyl (pa(x))
x Lo,1

Numerically, we observe that when the particles are approaching slowly from each other,
taking a coefficient proportional to the relative velocity before collision is sufficient. Oth-
erwise, we observed that the minimal intensity has to be proportional to the square of
the relative velocities.

At each time step ,the coefficient is computed as:

if (distmin(Lo1, La) < Diin)

K (Lo, La) = max(Kpin, |(Ury, — Ury,) - Veoo|, (Ury, — Usy,) - Vp2))?) (3.14)
otherwise :
K(Loa, Ly) = max(|(Ur, — UL,y,) - Vo, (U, — ULy,) - V2))?) (3.15)

The minimal separation distance D,,;, is of the order of a mesh grid and the minimum
coefficient K, is fixed during numerical calculation.
Finally, the complete short range repulsive force considered for rigid bodies is:

Vi € Q Fual(r) = T2 ()G (01(2) Vj(()) xp (—“”25(:3)) (3.16)

In a certain extent, the proposed collision model 3.16 is an approximation of the normal
component of the lubrication force provided in [100] in the case of small relative velocities
and between closest solid bodies.

3.4 Error estimation between the two collision models

This section is devoted to the comparison of the two collision models introduced above:
the collision model (3.12) and the short range repulsive force 3.16 and the influence of
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these forces on N disks immersed in Stokes fluid flow.

We consider a bounded domain € € R? which contains N disks evolving in an incom-
pressible fluid. We denote by R the radius of each disk, by &k the intensity of the two
collision models and the value of the rebound parameter ¢, is fixed to €7 where v > 1.
In order to study the influence of the two collision models on the dynamic of N disks , we
study two Stationnary Stokes models. The first one corresponds to the Stationnary Stokes
equations supplemented by the collision model (3.12). The second model corresponds to
the Stationnary Stokes equations with the short range repulsive force 3.16 as source term.
For both models, the N gravity centers of the disks are transported by the fluid velocity
field, and N level set function are reconstructed as signed distance functions. For all the
estimations, we assume that:

e (H1): the distance between disks is superior or equal to €

e (H2): p>2

3.4.1 Stokes model involving the collision model (3.12)

The first problem corresponds to the steady Stokes equations with the collision model
(3.12) as source term. For each disk Q!, we denote by ¢; the level set function that
captures the boundary I'} and by X} its gravity center. At each time, the signed distance
function ¢} to the interface I'} is defined as a signed distance function:

Vo € Q,¢i(x,t) = |z — X! (t) - R (3.17)

We denote by Fy, the global collision model which takes into account the repulsive
forces between the N disks:

Vo € Q, Flopa(z,t) Z g( - ) V(gz<’ )) exp (—gb}({i’t)) (3.18)

1,7=1
i#]

so that denoting by U; the fluid velocity field, P; the pressure field and p the viscosity
of the fluid, for a time 7" > 0, we obtain the following problem:

—,U,AUl + VPl = Fgllobal in QX]O,T)
. d 1 1 .
Vie{l,.,N}, —X =U;(X}) in Qx]0,7T) (3.19)
V . U1 =0 in
U, =0 on 02
An estimation of the velocity field is provided by the following proposition.
é )
Proposition 1. Considering:
U € W*P(Q), PLe WH(Q), 2 < p < o0 (3.20)
are solutions of the Stokes problem (5.19) and that the distance between the disks is
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higher or equal to €. There exists a constant C(p, u,$2) such that:
k 1 _
U]z 0,m;w2 () < Cgpzr (N = 1)(N(27R + 0(e))) 7 exp(—e'~7) (3.21)
e p
Lwhere v > 1. )

Proof. Let 1, denotes the level set function which captures the union of all interfaces at
each time t, by definition we have:

Vo € Q, ¢z, t) = min(é (2, 1), .., o (2, 1)) = min(|lz — X1 (1), .., |v = X (¢)]) = R (3.22)

Using the assumption on the distance between disks, since the support of the cut-off
functions do not intersect, it holds:

ver? Cs ng.’L't ZC&

Moreover, denoting by L;(x,t) the i** closest object to x at time ¢, the model (3.12)
can be formulated as:

N
k V¢L1(5L’ t) (l’, t) ¢L1 (z,t) (ZE, t)
Ve eQ, Fiu(rt) = E —C (1 (x,t ;exp(—;>. 3.23
glob 1( ) s €C ( 1( )) ¢L%(m,t)(w7t) Eb ( )

As all the ¢ are distance functions we have at each time ¢:
VoL lre@ <1

So that we get:

¢L1(.,t)
| Fgiobar (- 8) | oo <||—Ca(901 ||LP(Q)||Z¢ 8 N zee (@)

Moreover, using the definition of the label maps one gets:
Vo € Q,VZ € {37 ) N}a ¢L}(x7t)<x>t) = ¢L%(x,t) (‘7:7 t)

leading to :

b1

k 1
1 Eonal (5 Dl o) < (N = D)[|=C(01) | 102 == exp(=—=) [ = (@)-
€ L &y

It is a classical result from level-set theory that £(.(¢1(x)) is an approximation of the

length of the zero level-set of ¢;. Namely, in the case of N disks, we can prove that there
exists a constant C'(p) such that:

26 iy < 7 (VTR + OE))F, (3.24)

5 p
so that we get:

1 L

exp(— )

3=

(N =1)(N27R+ O(¢)))

Ck
1

_1
g P

Lo (Q)

Pric.p

H global( )”LP(Q) <
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Using the assumption that £, = €7 and that the minimal distance between the particles
is at each time ¢ higher than ¢, that is :

Vo € OVt € [0,T], drimy(w,t) > ¢,

we obtain:

Ck 1 _
| Ffiopa (- D)l zr (@) < (N = 1)< (N(27nR + O(¢)))» exp(—' 7). (3.25)
e r

Following [169], we have: If U; € W*P(Q), P, € WP(Q) are solution of the Stokes model
(3.19) and Flape € LP(£2), there exists a constant co(p, i, 2) such as:
1UL (5 8)[[w2we) + 1P B)lwre@) < coll Fgopar (8[| 2o @)

Taking the L norm on [0, 7] and using (3.25) we obtain the announced estimation. [

3.4.2 Model involving the short range repulsive force (3.16)

The second model consists in the Stokes equations supplemented by the local short-
range repulsive force F, ;. The evolution of each particle Q7 is based on the transport
of the gravity center X? by the fluid velocity at this point. Each particle interface Q2 is
captured by a level set field ¢?. Let 1), be the level set function which captures the union
of all interfaces, at each time ¢ this field is defined as:

Vo € Q, y(x,t) = min(|z — X7 ()], .., |z — X2(t)|) — R (3.26)

and denoting by @5 the distance between the closest structures, the short-range repulsive
force F2,, is formulated as:

Vo € Q, F2q(7,t) = g{ <¢2(:’t)> vgoi?n(vx’t)t) exp (— @2:’”) (3.27)

Denoting by U, the fluid velocity field, P, the pressure field and p the viscosity of the
fluid, for a time 7" > 0, the second model is provided by:

. d 2 o 2 .
Vi € {177N}7£X1 _U2<X7,) in ) x [O,T) (328)
V . U2 - O in Q
U,=0 on 0f2
As for the first problem, we obtain an estimation which depends on €, R and N:
é )
Proposition 2. Considering:
Uy € W*P(Q), P, e WHP(Q), 2 < p < 0 (3.29)

are solutions of the Stokes problem (3.28) and that the distance between the disks is
higher to €. There exist a constant C(p, p, Q) such that:

k 1 _
102l o< 0.m w20 (0)) < C—55 (N (2R + O(€)))» exp(—&'7) (3.30)
E P
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L J

The proof is similar to the one provided for Proposition 1.

3.4.3 FError estimation between the two Stokes models

The model of interest is the comparison of the two models above, setting U = U; — U,
and P = P| — P,, one gets the following system:

—pAU + VP =F in €
V-U=0 in Q
d 3.31
a(Xil_Xzz):Ul(Xil)_UQ(Xz?) (331)
U=0 onTI

where F' = Fj . — Fpq s the difference between the two collision models. The global

force Fjj . depends on the level set functions ¢1Lg and ¢; whereas F2, ., depends on 1)y
and 9, thus the term F' can not be estimated directly.
Instead, we define a short-range repulsive force Fj.,, associated to the N disks Q;, de-

noting by ¢; the distance function qbiz, this force is expressed as:

w:,t)) V(p?;a’:;;) exp (_M) (3.32)

€p
so that the estimation of F' will involve to estimate the two following terms:

||F(, t)HLP(Q) < |’Fgﬁoba1('>t) - Eelaubel('vt>||Lp(Q) + ||Fl-<11be1(‘a t) - Fl2abe1(‘a t)“LP(Q) <3~33)

The first term corresponds to an error estimation between the two collision models for
a same configuration of disks (Vi € {1,.., N}, Q} = Q?). The second term provides an
estimation of the short-range repulsive force Fi.pe1, the disks dot not have necessarily the
same configuration.

In fact, we can demonstrate the following proposition:

[ )

Proposition 1. Considering:

k
Vo e Q7Vt € [OaT]a Fl;bel(mvﬂ = EC (

UeW*(Q), Pe W'(Q), 2<p< oo (3.34)

are solutions of the Stokes problem (3.31) and that propositions 1,2 hold. There exist
a constant C'(p, i, Q) such that:

VG| [ €x((|Flopal + =)ty — 1
1Ullw2r@y < |1+ T2loo <1+| | < DUl ol + ")) (3.35)

R t+e |Fgllobal| + ‘Z}i‘?
where: v . .
© ~ -
R+e — (R+¢) exp( 57*1)

k 1 _
| Fjyopatl < C—r (N — 1)(N (2R + 0(e))) 7 exp(—¢'~7)
e p
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k(N — 2 1 aR
||Fgllobal - FzzbelHLP(Q) < (—p—l) (N(QWR +0 (5)))1, exp <__7)
aRe 7 €
Ck 1
111 + Iz|os < (R+e)e eXp(_Efyq)(H@?HLP(Q) + RC)) + ”Fgllobal - Fl%lbel”Lp(Q)

In what follows, we provide a proof of this proposition.

3.4.4 Estimation of the term ||F; p.. — Fiapelllze@)

The following result provides an estimate of the difference introduced by using the
label force (3.16) instead of the collision model (3.12) for the same configuration. As
expected, the difference is smaller for large bodies and /or small €. Moreover, it depends
on the intensity of the force.

[ )

Proposition 3. Assuming that the N bodies are disks, such as:

Ve e Q ¥Vt e [0,T], @ax,t)>¢

then:
k(N —2) 1 aR
P~ Flaalire) < S0 (¥i@nR+ 0e)3 exp (22
aRe» £
where o« = ‘/§_3 ~ 0.3.
J

Proof. We have:

Vor, exp(_@
¢Li €

Yk
Fgllobal = Z ggswl) )- (3.36)
i=3

As Vi€ {2,..,N}, ¢, are distance functions we have :

|V¢Lz

Ly <1
Moreover, the definition of the label maps gives:
Vee Q,Vic{4,.,N},  On,)(x) = Oy ().

and we have seen that there exists a constant C(p)

1 C 1
12¢(E)lirie) < <= (N(2rR+ O()))7,

leading to :

kC 101
| Fgiobat = Fabelll @) < == (N = 2)(N (27 R + O(8)))PII¢L
e p 3

oL
eXp(—g—:)HLoo(m-
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Figure 3.4: Configuration of three bodies. The circles represented are of radius R + €.

We are looking for a lower bound of ¢, depending on the radius R. To that aim,
we consider the worst case of three disks which are enlarged by € and are in contact like
shown in Figure 3.4. This configuration gives the minimum distance required between
two disks. Taking a point x on the boundary of one disk (without loss of generality,
I'y) as shown in Figure 3.4, we compute the minimal distance of = to the second closest
disk. Once again, the worst case is obtained in the situation where x is as in Figure 3.4.
Through a simple calculation, we obtain as distance:

_V13-3

d 2

R

that is a lower bound for ¢7,. Asr — % exp(—1) is decreasing, we obtained the announced
estimate. O

Let us point out to the reader that this difference tends to zero when R tends to oo or when
e tends to zero. Consequently, we can adjust € depending upon R such as this difference
becomes negligible. Numerically, we take an ¢ that depends on the discretization space
step, thus the grid mesh size is selected in order to lower the difference.

Moreover, the influence of the repulsive force imposed by the first closest cell at all points
F, ., is the most influential on the dynamics of the cells as it is the largest. Therefore,
numerically it is better to compare the relative difference:

|F, gllobal - FlébeluLP(Q)

HEabel HLP(Q)

3.4.5 Estimation of ||F, — Fiapellzr@)

The repulsive force F, ., depends on 91, ¢1 and Vi, whereas F2, | is associated to
the second problem and thus depends on the level set function v, the distance function
¢ and its gradient Vy. We define two spaces LF(2)) and W2 ?(Q) as:

I2(Q) = {f € L"), Yo € 9, f(z) > <}
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and :
WHP(Q) = {f € LX),V f € LP(Q), IV f]lz» < 1}

and the functions :
G: (Whr(Q), WlP(Q), LP(Q))  — LP(Q)

\V4
W, @, Vo) — G, ¢, Vo) = d

)= ew(-2)

« (3.37)

o |

i
9

So that using this function, the term || FL, . — Fiipallze() can be valued as:

| Flabel — Fipelll o) < VG oo @l llton — vl o), o1 — @2llo@), [ Vi1 — VS02||LP(E2)|L°°)
3.38

We provide in what follows an estimation of |[|11 — ¥al|zr(), 1 — ©2llr@): | Vi1 —
VQO2||Lp(Q)|Loo and then ||VG||L00(Q)

Estimation of ||ty — ¥s||rr), 91 — @2llzr)s Vo1 — V| e

For each time ¢, there exists a constant C'(p,2) such as:

[a(58) = ol Dy < Cmax|X2(1) = X2(0)
ler(58) = @2 Dy < Cmax|X2(E) - X2()
19610 1) = T, 1) 109 (212, Dlaogey + CR) +max| X (8) = X2(2)))

(3.39)
e The level set functions which captures the union of all interfaces are defined by:

=R+e
Ve e QVt € [0,T], ¢(x,t) = rniin(|:z: — X! t)]) = R, a(z,t) = miin(\x - X)) - R
For a point « € Q and a time ¢, let ¢ (z,t) and 19(x,t) be given by:
Ui (z,t) =z — X ()] = R, o(z,t) = |z — X (1) — R (3.40)
this means that:
Vie {1 N} o= XU > o= XL, o~ X2| > o~ X2 (1)
if i1 = iy, the inequality is immediate, otherwise we have:
Vi | X) = X7| 2 X — 2| = o = X7 = (i, t) + R) = o — X7
in particular setting ¢ = i we obtain:
m?X|Xi1 — X7| > max |X; — X7 | > ¢ (x,t) — o, 1)
By symmetry and taking the P norm of ¢; — @9, we obtain :
[1(18) = v D)ooy < [Q1rmax| X (1) — X2(8)]

e The second term depends on the distance functions whichs are associated to the
label maps Li(x,t) and L3(x,t), mainly:

901(x7t) = |1‘ - Xllé(x,t)(tﬂ - R, 902(x7t) = |CL’ - Xi%(x,t)(t” - R (341)
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The level set functions v (x,t) and ¥, (z, t) are signed distance functions to the closest
interfaces, thus by definition we have:

e1(z,t) = hi(z,1), palx,t) = Yoz, t)

in particular, setting:

o1(z,t) = |z — X;l(t)| — R, po(x,t) = |z — X]22(t)| - R (3.42)
we have that i1 # ji, is # jo and:

Vi iy |le— X} | > e — X |, and Vi # g, o — X?| > |z — X7 |
If Li(x) = L3(x) or L(z) = L3(x) this means that i; and iy are equal and we get:
Vi i, | X — X7 > | X — x| — | X7 — 2| > iz, t) + R— | X7 —z

and as iy # jo, we have:

max| X (1) — X7(t)] > | X, = X,| = @i(z,1) — oz, 1)

by symmetry one gets the right estimation.

Otherwise if i1 # i5 we have:
Vi ia, X! = X2| 2 | X2 —a] = X} — o] > pa(at) + R— |X] —a

Taking ¢ = i1, we get:

max| X; () — X7 (1)| > |X;, — X3 | > ga(x, 1) — ¢hi(2,)
and as 1, — ¢ < 0 one gets:

P2 — 1 <o —thr — (Y1 — 1) < ml?lX|Xi1(t) — X7(t)| (3.43)
The same reasoning provides:

1 — 1y < max| X[ () — X7(1)] (3.44)
so that taking the L” norm, one finally obtains:
1 (- 8) = (s )l o) < IQ\%m?XIXf(t) — X7 ()]

eThe last term involves the gradient of the distance functions ¢; and ¢, for a point
x and a time ¢t where these functions are defined as 3.42, the difference of the gradients
are provided by:
T Xy v Xy
|z — Xj}| |z — Xj§|

|V901(x7 t) - V(pg(it?, t)| =

and as ¢ is a lower-bound of ¢; and ¢y , we have [z — X1| > R+e and [z — Xj2[ > R+¢
so that defining a function A as:

x

Ve > R+¢,h(z) = —

]

70



CHAPTER 3. COLLISION STRATEGY

we get:
2

Using the upper-bound of ¢; — s, we finally obtain:

2
Vo1 — Vipa| < R——ks@(w + R) +max|X; (t) — X7 (t)]) (3.45)
As py € LP(Q) one can take the LP norm to obtain the announced estimation. Finally,
we obtain:

|11 — VallLr(@), |1 — @20z, Vo1 — Vo | o) oo

< ==+ R) + max X)) - X2(0))) (3.40)

Estimation of |VG|«.
The function G is defined as:

G: (R,R\ B(0,¢),B(0,1)) — R?
k. x z y (3.47)

(2,9, 2) — EC(E)Q eXP(—g—b)

oG
The first partial derivative of this function is — is :

ox

Y
- exp(—)

oG k . x —y
)2 exp(—=2)| < |=¢'(Z)| oo 2] poe | —22
Ep £

¢(%)Z2

Bl =124 )y -

g

As z € B(0,1), y > ¢ and the cut off function (. is bounded, using &, = €7 we obtain:

oG k 1
|%’L°° < 08_2 eXp(—F) (3.48)
Similarly, we have:
oG k. x 1 1 —y kEk 1
| = |=C(=)2(— + — — )N <C(= + — —— A4
Gl = 120D+ e <OG + Dlew-o5) (349

and the last partial derivative is given by:

oG k_ x z —y exp(— 7_1)
— |~ = |=¢(5) = exp(—)| < kO——FE— 3.50
Go 1= = 126 exp( ) < ho— (3.50)
Thus, there exists a constant C' such as:
Ck 1
VG- < ?GXP(—F) (3.51)
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"
Final estimation
The transport equation of the gravity centers gives:
DIx! = X2 < 00— Ua(X2)] < [0 X]) — U (X2)] + |03 (X2) — U(X2)
As Uy € W?P(Q) and U € W?P(Q), using the injection WP(Q) < L>(Q) :
DX = X2 < VO ]~ X2+ Ul (352)
Moreover as W2P(Q) < L*°()), we have:

|U|L°°(Q) < ||UHW27’ < H global Eibel||Lp(Q)
Using proposition 1 and the injection W2?(Q2) < W1>°(Q) we get:

VUL Lo (o.11,209) < [ Fioparl oo (0,7,Lr ()

leading to:
d
E‘Xl XQ‘ < | lobal|L°o (0,7,LP(82)) ’Xl X2’ + H global Fiibel”Lp(Q) (353)
Using a Gronwall inequality and as X} (0) — X?(0) = 0 we get:

|Xz'1( X2 |</ || global FlibelHLP(S)eXp(|Fg}10bal|L°°,Lp<t_8))ds (3.54)

in particular:

mlax]Xll( X2 ’ < / || global ‘Fl2abel<'7 S)HLP exp (|Fg110bal‘L%°7Lp (t - S)) (355>
and as:
vV Gloo VGl
[v3= global —Fipallr < R ?X|X¢1() Xt |+ —5— Rtz (lg2llr+RCO)+|| Fy) global —Fapall e
denoting by 1;(t) and Iy (¢ ) the terms:
VG
L(t) = 7= (g2 D)llze + RO, I = || Fgopar = () Fape (- 1) [ 0
and using the equation (3.55) we obtain:
—F VGl —F F} —s))ds+1+1.
|| global labelHLp = R+e || global label( )“L” exp(| global’L%opr(t S)) Sti1+1p

Using a second Gronwall mequahty, we obtain:

| Fyiobal — Fiopalle < Ii(t) + L(t)

ST oxp(Ffgalt) [ (129 + 1(6)) exp(- o) expl (e = s))ds (350

so that taking the L> norm on (0,7") we finally obtain:

|VG|<>0 (eXP((I globai| T 'Yﬁ'g")t) - 1>>
|F

|[VGloo
R te 10bal| + R+e

”Fglobal Fipallee < [+ I (
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3.5 Numerical validation of the error estimation

This section is devoted to the validation through numerical simulation of the error
estimation between the two stokes models. These models are supplemented by a gravity
term pg where p takes into account the density of the fluid and of the disks. We fixed the
density of the fluid to one whereas the density of the disks is set to 2. The two stationnary
Stokes models are discretized by a finite difference method on a staggered grid where the
pressure and the level set function are located at the center of the mesh cells and the
velocity at the center of the sides.

The steady stokes equations are solved by means of a projection method of Chorin type
and a fixed point method. To solve the poisson equation on the intermediate velocity, the
solver FISHPACK is used.

In order to advect the gravity centers, the velocities are interpolated from the Cartesian
grid points to the gravity centers using the M} interpolation kernel introduced in [132] :

0 if |z] > 2
Mi@) = § 32— o)1= [a]) if1< o] <2
1— o2+ 2k if o] <1

The support of this kernel is of size 4, it is locally third order and globally second-

order. Owing to its regularity, accuracy and efficiency, this kernel has been widely used,
in particular for the simulation of vortex flows (see for instance [61]).
The time stepping scheme used to advect the gravity centers is a two-order Runge Kutta
scheme. We consider a rectangular computational domain 2 = [0, 2] x [0, 1]. The simula-
tions are performed on a grid of size (512 x 256). The coefficient v is set to 1 x 1.10719,
the viscosity p = 0.1.

Three test cases are considered: the simulation of 6 disks of radius R = 0.1 and
R = 0.05 and the sedimentation of 14 of radius R = 0.05. By comparing the numerical
simulations obtained on Figure 3.5 and 3.6, we observe that for the disks of radius R = 0.1,
the dynamics of the disks are similar for both stokes models. For the greatest particles, we
can see that from time ¢t = 0.5 to t = 0.6, we see a slight difference between the particles
Q! and Q2, then the particles reach a steady state and are located exactly at the same
places (for all 7 € {1,..6}, Q! = Q?). On the contrary, after collision the configuration
of the smallest particles is completely different for the two Stokes models, thereafter the
relative difference increases, and the obtained stationnary state is different for both set
of particles. Contrary to what we expected, the estimation || F}jgp. — Fiapelll 2 ((0,10),Lr(0)
is smaller in the case of particles of radius R = 0.05 than for the case R = 0.1, this may
be due to the fact that the particles for R = 0.05 stay far enough from each other.
The last simulation is shown on Figure 3.7, starting from ¢t = 1.5 the particles take
different trajectories until the end of the simulation, the obtained estimation HFgllob3L1 —
Flpallze=(0,10),7() is around twice higher than the one obtained when N = 6 which
confirms the dependence of the estimation on the number of particles.
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Figure 3.5: Sedimentation of 6 disks of radius R = 0.05, black lines correspond to the isoline
1 = 0 and the red lines corresponds to the isoline ¥y = 0 associated to the Stokes model 2.
We obtain the error estimation for the same configuration: HFgllobal — FébelH Lo0((0,10),LP(Q) =

3.48.104.
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Figure 3.6: Sedimentation of 6 disks of radius R = 0.1, black lines correspond to the isoline ¢; = 0
and the red lines corresponds to the isoline 12 = 0 associated to the Stokes model 2. We obtain
the error estimation for the same configuration: HFgllobal — ﬂ;belllLoo((0710)7Lp(Q) =2.22.1073.
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Figure 3.7: Sedimentation of 14 disks of radius R = 0.04, black lines correspond to the isoline
1 = 0 and the red lines corresponds to the isoline ¥y = 0 associated to the Stokes model 2.
We obtain the error estimation for the same configuration: HFgllobal — FﬁlbelH Lo0((0,10),LP(Q) =
7.54.107%.

CONCLUSION

In this chapter, we have presented the numerical strategy adopted to handle con-
tacts between structures.
The proposed collision model consists in a short-range repulsive force which depends
on the two distance functions ¢; and s, it is an adaptation of the collision model
introduced in [31] for the case of a larger number of particles. The collision model
proposed in [31] takes into account the interaction between all the particles, whereas
our model is only active between the closest particles.
The intensity of the force is either controlled by a constant coefficient which depends
on the external forces exerted on the particles or is directly provided by the relative
velocities of the closest particles thanks to the label maps L.
The short-range repulsive force with a constant intensity is compared to the collision
model [31] in the case of N disks. The estimation error depends on the size and the
number of disks. The impact of these forces on the solution of two Stokes problems
is also investigated.
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Chapter 4

Evolution of the label maps and
distance functions
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This chapter is devoted to the evolution of the three label maps and the two associated
distance functions. We present the evolution algorithm in two-dimensions, the extension
to the 3D case is straightforward.

The evolution is based on the transport of one level set function that captures the
union of all interfaces, then a multi label fast marching method is performed enabling
a re-initialization of the label maps and distance functions. For our applications, the
informations of interest are:

e The location of each structure given by L, inside and L, outside close to the interface
and the distance ; which captures the union of the interfaces.

e The location of the first closest structure L, and the distance ¢, when the particles
are nearby to avoid numerical contacts.

The proposed collision model is a short-range repulsive force, it is thus negligible when
the particles are far enough from each other. Consequently, we do not need the label and
distance functions in the all computational domain. Taking this into account, we only
evolved L; and ¢; in a thin band close to the interfaces, we denote by N By, the size
of this narrow-band from each side of the interface. The computation of Ly and s is
activated only if these thin bands met (just before collision) on a distance NBy,. The
final step consists in updating the level set function ¢ as a signed distance function using
the new updated distance function ¢, where ¢ is less than the distance N By,

4.1 Evolution of the label maps L, and L;

We describe the evolution of Ly and L; which is based on the transport of a level
set function ¢ which captures the union of all interfaces. We assume that the transport
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equation on the level set function is discretized in time by an explicit scheme which
involves that the displacement of a particle from one time step to another is less or equal
to one space grid.

4.1.1 Global level set function

Since the distance function ¢; and the label L; are only of interest in a thin band
close to the interfaces, the level set function ¢ which captures the union of all interfaces
is defined as:

—C x € Uij\ilQi; d(l’, Ulj\ill—‘l) > NBL1
—d(ZE, U,f\;lrz) S Ui]ilgia d((L’, Uf\LIFZ) S NBL1
d(x,UfLFZ) T ¢ Uf\ilQia d(l’, Uf\LIFZ) S .]\[BL1

¢(r) = (4.1)

where C' >> 1. This level set field is a signed distance function close to the interfaces,
it is negative inside each structure and positive outside. In the context of fluid/structure
interaction, the level set function can be transported with the fluid velocity. Denoting
by U the fluid velocity in the entire computational domain 2. The level set function is
defined as a signed distance function solution of the following scalar transport equation:

¢(,0) = do(2)

in a neighboorhood of the interfaces. To transport accurately the interface using a
WENOb) scheme, the narrow-band size NBj, is fixed to a value larger than six mesh
grid. At each time step and after the multi-label fast marching procedure, the level set
function ¢ is updated as a signed distance function as:

(4.2)

—C S U?LlQia d(l‘,UZJ\LlFZ) > NBL1
- N Q. d N T,)<NB
¢($) _ Qpl(x) UES Uz]\71 ; <I7U§\71 ) = Ly (43)
e1() x & UL, d(x, UL 1) < NByp,
C x ﬁé Ug\ilﬁiv d(l’,UZJ\LIFZ) > NBL1

4.1.2 Evolution of the label maps L

The evolution of the label map Ly depends on the sign of the level set function. By
definition the region where the level set function is non negative corresponds to the fluid
providing at each time the label function L in the fluid region, that is:

Ne if ¢"(z) >0 (44)

Vo eQ, Vi€ {l,..,N}, Li(z) = {

At each time step, we change the label value Lj, near the interface at the points where
the condition (4.4) is not verified. Namely, if the level set function is positive, we set Ly
to the label of the fluid (Ly = N¢) and if the level set function is negative and the label
function Ly is still the label of the fluid, we assign to L the value of its neighbours which
are different from N;. For all x where the condition (4.4) is not true we look for the closest
neighbours. The proposed procedure is only adapted in the case of small displacements.
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Let dt denotes the time step. For all point = = (4, j) we denote by Neighbours(x) the set
which contains the four closest points to x:

Neighbours(x) = {(i + 1,7), (i — 1,4), (4,7), (4,7 — 1), (4,7 + 1)}

As the displacement is less than one discretization step, the label values are directly
given by the algorithm (4). In the case of a displacement larger than one discretization
step, one has to look for the closest neighbors of a grid cell in order to assign the right
value of L at this point.

Algorithm 4 Redefinition of Ly
for (z € Q) do
if ¢"*1(z) > 0 then
Lyt (z) = Ny
else
if (L{™(z) = Ny) then
for (y € Neighbours(z)) do
if (Ly*'(y) # Ny) then
L (@) = L3+ ()
end if
end for
end if
end if
end for

Let us note that this simple strategy is allowed only if the distance between two cells is
strictly greater than one grid step. Here, this condition is imposed by our collision model.

(a) Lg. (b) if (¢"*'(z) > 0) then (c) Lg™H(x).
L2 (x) = N in the fluid.

Figure 4.1: Evolution of the label Ly when two cells move. The red color corresponds to the
object associated to the fluid.

4.1.3 Evolution of the label maps L,

Contrary to the label map Ly which is defined in the all computational domain, the
label map L, is only defined close to the interface. At the points where L; is not defined
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we assign to L; the value —1. The same procedure than the one applied for the label Lg
can be applied to L; close to the interfaces .

Algorithm 5 Update of the label map Ly
for (z € Q) do
if (¢p"*!(x) <0) and (LJT # N;) then
L (z) = Ny
else
if (L7 (z) = Ny) then
for ( y € Neighbours(z)) do
if ((L7"'(y) # Npand(Li™'(y) # —1) then
Lyt (a) = L™ (y)
end if
end for
end if
end if
end for

With this procedure the label map L; has only been evolved close to the interface ( see
Figure 4.2) . To evolve the label map L; outside the particle and far from the interfaces
a multi label fast marching method (MLBFMM) has to be performed.

! BT T 1
I 1] Hi +h Inmm T
CH T R
. - % H
o j H . I : E T :., | ' TT
= T TTT 1 Aunmm
! u T H o HHHH ” I | EESsEsEemEEEEEE
T bt e T T | T
RS EEEREEEEamEEEsEl I T nn
(a) LT (b) if (¢7+!(z) < 0) then Li*'(z) = (¢c) Look for the -closest néighi);)ﬁrs (d) L7 after multi-label fast march-
Nt in the fluid. LT # Ny ing procedure.

Figure 4.2: Evolution of the label L; when two cells move. The red color corresponds to the
object associated to the fluid. The white ones corresponds to the cells where L; is not defined.

4.2 Multi Label Fast marching

We present here the multi label fast marching procedure which allows to update ¢y,
w9 and the label maps L; and Ls in a vicinity of the structures’ boundaries. This local
fast marching is an extension of the fast marching method [156]. The idea of multi-label
fast marching was first introduced in [161]. However, the method used only two labels and
each of them was propagated individually (i.e. with a different speed). In [11], Bogovic
extended this approach to the case of multiple object segmentation.

Here, this procedure is performed to update the label map L; and ¢; close to the inter-
faces in a narrow-band of size NBj,. Then, if the narrow-band L; met the fast marching
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algorithm to compute ¢, and L, is activated.

To this end, we introduce a distance function d, for which we solve the eikonal equation
4.5 in the entire computational domain 2. This equation is supplemented by an initial
boundary condition which will depend on ¢; or ¢s.

Vo € Q, |Vd(z)| = 1 (4.5)

The discretization of this equation is achieved by a first order numerical scheme [151], so
that denoting by Ax and Ay an horizontal and a vertical space step in two-dimensions,
we solve:

max(max (D, d;;,0)% min(D} d;;, 0)?) + max(max(D, di;, 0)?, min(D; d;;, 0)%) =1 (4.6)

where
_ dij — di—1; diy1; — d;j _ dij — dij—1 dij41 —d;j
Drdyy = =35 Dudig = === Dydy = == 5= Dydyy = =20 ==,

4.2.1 Computation of the label map L; and ¢,

The first step of the multi label fast marching procedure is the computation of the
distance function ¢; and the values L; by solving the following equation:

VreQ, |Vd(z) =1
o) (4.7)
ve el d@) = o)

Initialization phase

©1
Vol

propagate all the interfaces simultaneously and to have a consistent initialization of the
fast marching procedure.

At initialization, the function d is equal to close to the interfaces, this allows to

The scheme (4.6) implies that the information moves in one direction only : from the
lowest values of d to the highest values of d, the interfaces spread hence in two-directions:
inside and outside cells. Moreover, each contour is associated to the number of objects.

Thus, at initialization the computational domain {2 is partitioned into three sub domains:
(

e Alive (A) : set of points for which the values of d are known and at those points the
values of p; and L; will not be changed.

e Narrow-Band (NB): set of points were the values of d are unknown and the distance
to A is less than one space discretization step.

e Far away (F) : all others points of the domain.

The Figure (4.3) provides an illustration of the domain decomposition at initializa-
tion for the spreading of one interface (boundary of the blue object). Inside the cell the
boundary that propagates is the one associated to the fluid (red points) as it is the clos-
est one. At initialization, the Alive set contains all the points of the N interfaces. The
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Narrow-Band set consists of the closest points to the interfaces. All others points are
considered as Far away and has to be computed and added to the narrow band if they
are at a distance smaller than N By, .

To achieve the storage and the sorting of the Narrow-Band according to the values of d,
each cell of the heap contains the following informations:

(
e the integers (i, 7) that localize the grid point
e the logical alive(i, j) which indicates if the point is in the Alive set

e the integer lab(7, j) which corresponds to the number of the interfaces that spread.

e the distance value d(4, j): distance from the interface I'iap ;).

(
The steps performed during the initialization phase are provided by the algorithm6.

Algorithm 6Initialization phase
for (z € Q) do
visit(z) = 0
for (y € Neighbours(z)) do
if (Lo(z) # Lo(y)) then points at the interfaces
if (alive(y) = false0) then
e Add y to the Narrow-Band

o d(y) = v1(y)

Vo(y))l
e lab(y) = Lo(z)
e alive(y) = true The values L;(y) = lab(y) and ¢1(y) = d(y) are fixed.
end if
else
e lab(z) = —1
o d(z)=-1
o alive(z) = false
end if
end for
end for
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Figure 4.3: Partition of the computational domain for the multi-label fast marching at initial-
ization. The interface spreads in two directions, inside and outside cells.

Iterative phase: Propagation of the interfaces

The direction of interfaces propagation depends on the values of the distance function
d (from the lowest to the greatest values) and on the label value, namely one point is only
added by its neighbors if it has the same label value.
During the propagation of the interfaces, the point x,, for which d(z,,) is the lowest
value of d in the narrow-band, is definitely deleted from the narrow-band and this point
is considered as alive. This minimum value corresponds to the distance ¢;(z,,) and we
assign the label lab(x,,) to Li(z,,). Then, the values of d at the neighbors of the point
T are computed using the alive points which have the same label value, and these points
are added to the Narrow-Band.The algorithm stops when the distance d has reached the
narrow-band value NBy,. The steps performed during the iterative phase are provided
by the algorithm 26.
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Algorithm 7 Iterative phase: computation of 1 and Ly
while ((NB # @) and (dist < NBy,)) do
Find z,, such as d(z,,) = mingenp) d()
dist = max(dist, d(z,,))
Delete z,, from the NB
if (Li(z,,) = lab(x,,)) then
alive(z,,)=true
end if
if (alive(x,,)=false) then
pr(em) = d(wm)
Li(z,,) = lab(x,,)
alive(zx,,)=true
for (y € Neighbours(z,,)) do
ajout=true
if (Lo(y) = lab(x,,)) then
ajout=false
end if
if (L1(y) = lab(x,,)) then
ajout=false
end if
if (ajout=true) then
Compute d(y) using Neighbors(y) such as L;(Neighbors(y))=lab(z,,)
Add y in NB
end if
end for
end if
end while

4.2.2 Computation of the label map L, and ¢

The same procedure is applied for the label map L, and ¢y, we solve the following
equation:

{Vx €Q, [|Vd(z)|=1 (4.8)

Veely, dz)=p(r)
where a point x € I'z, is defined by:
Vy € Neighbours(z), L1(y) # Li(z), Lo(z) = Lo(y)

Activation and computation of the boundary condition

The computation of Ly and s is activated between two particles if the narrow-bands
L; met, this means that the distance between the two particles is less or equal to 2N By, .
If this happens, when L; and ¢; are computed, the interfaces continue the propagation
on one space grid in order to get the distance function ¢, and the label map L, at the
boundaries I'z,. For instance, for a configuration of four objects like shown in Figure 4.4,
the computation of L, is only activated between the pairwise of bodies.
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Figure 4.4: Illustration of the multi label fast marching algorithm for a configuration of four
particles. The black color corresponds to the undefined values of L1 and Lo. The white contours
corresponds to the zero value of the level set function ¢.

Initialization phase

The initial narrow-band corresponds to the intersection of the closest objects in the
fluid domain. Then these new values computed are frozen and will correspond to the
alive points for which the values of py and L, are fixed. The initialization procedure is
summarized in algorithm 8.

Algorithm 8Initialization phase
for (z € Q) do
alive(x)=false
for (y € Neighbours(z)) do
if (ngx) # —1) and (L1(y) # —1) then
if (Li(x) # L1(y)) and (Lo(z) = Lo(y)) then points at interfaces of closest
objects in the fluid
e Add y to the Narrow-Band
o d(y) = 3" ()
o lab(y) = Ly (x)
e alive(y)=true The values Lo(y) = lab(y) and @o(y) = d(y) are fixed.

else
e lab(z) = —oc0
e d(z) =—00
o alive(z) =0
end if
end if
end for

end for

Iterative phase

We denote by N Bj, the narrow-band distance for the computation of Ly and (5. The
iterative phase is provided by algorithm 9.
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Algorithm 9[lterative phase: computation of po and Lo
while (NB # @) and (dist < NBy,) do
e Find z,, such as d(x,,) = mingenp) d(x)
dist = max(dist, d(z,,))
e Delete z,, from the NB
if (Li(z,,) = lab(x,,)) then
alive(z,,)=TRUE
end if
if (alive(z,,)=false) then
® 0a(rm) = d(m)
o Lo(x,,) = lab(z,,)
e alive(x,,)=true
for ( y € Neighbours(z,,)) do
ajout=true
if (Lo(y) = lab(z,,) then
ajout=false
end if
if (L1(y) = lab(z,,)) then
ajout=false
end if
if (Ls(y) = lab(x,,)) then
ajout—=false
end if
if (ajout=true) then
e Compute d(y)
e Add y in NB
end if
end for
end if

end while

The present algorithm stops propagation when the distance function , reachs the distance
value N By,. Only the points close to the interface L, are visited. Figure 4.5 provides an
illustration of the results obtained for the label map L; and L, for a configuration of 20
rectangular particles. The narrow-band size for L, is higher than the one for Ly. As you
can see, that the computation of Ls is achieved only for the closest structures allowing to
reduce the CPU time.

4.2.3 Stop condition when NB;, and NBj, are not active

When the narrow-band is not active and so if the label maps and distance functions
are computed in the entire domain, it is more efficient to propagate the label L; and Lo
simultaneously by using one common priority queue. Figure 4.7 provides an illustration
of the multi-label fast marching procedure for three rectangular cells when the interfaces
propagate in the whole computational domain. The background is the red object and in
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Figure 4.5: Illustration of the multi label fast marching algorithm for 20 objects. The black color
corresponds to the undefined values of L; and Ls. The white contours corresponds to the zero
value of the level set function ¢

our case will be the fluid. The image 4.7 (b) shows the initial Narrow-Band and Alive
points. The image (c) shows the expansion of the four interface at a step k. The red
object boundary has finished its propagation giving inside the cells the L; map values
(already known) and the new distance function ;. Outside the cells, the three bodies
interfaces have propagated giving the L, map values and the white grid points correspond
to the Far away points which have not been visited yet. In the case of dense suspensions of
bodies, the stop condition can provide larger computational saving. This multi label fast
marching is in a certain extent a local fast marching for different regions of the domain.

>

Ly Lo

Figure 4.6: Step k + 1. Values of the label map Lo at intersection of the interfaces.
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(a) Three rectangular cells immersed
in a fluid Q4.

(b) Initialization phase: Narrow-band (c) Iteration k. The white cells rep-
and Alive points. resent the Far away points. Colours
correspond to the L; map values.

(d) Step k+1. The interfaces continue  (e) Lo map values at step k + 1.
the propagation. Colours correspond
to the L1 map values.

(f) Final Ly map. (g) Final Ly map.

Figure 4.7: Illustration of the multi label fast marching algorithm. 87
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4.3 Computational complexity

This section focus on the computational complexity of the multi-label fast marching

(MLFMM) algorithm presented above. The only dependence on the number of particles
of the proposed approach to locate and deal with numerical contacts, comes from this
procedure.
Depending on the implementation of the MLFMM, the CPU time can be decreased. To
compare the CPU time of these procedures , we consider a rectangular computational
domain © = [0,2] x [0,1] and we add circular particles in the domain. The particles are
added next to each other until the half of the domain is almost filled with 400 particles.
The space grid is h = 1.95.1073 and the size of the particles corresponds to ten discretiza-
tion space step.

4.3.1 Propagation in the whole computational domain

We first provide the CPU time of the procedure when the interfaces are propagated
in the entire computational domain, this means that the five field functions are defined
in the entire computational domain.

In the case of N particles and denoting by M the number of grid points in the domain,
the worst computational complexity of the fast marching procedure to compute ; and
Ly is NMlog(NM).

The worst complexity of the fast marching procedure to compute s and Ly is also
N M log(N M) leading to a complexity of MLFMM of 2N M log(NM). These algorithms
rely significantly on the number of particles.

An other way is to consider N different linked lists to propagate the N interfaces, the
same stop condition is applied in the sense that if the label map L, and L, are defined for
all points, the procedure stops. The N interfaces are propagated in parallel and stops prop-
agation when the label map L, is defined at all points. Consequently, the interface I'; of a
particle only propagates in a neighborhood of the particle §2;. However, one has to check
at each iteration of the procedure if the label map L, is defined at all points, a browsing of
the list of all points of the domain is required, this induces a very high computational cost.

Instead, one can consider N lists which allows to propagate the N interfaces in the
whole computational domain. This procedure is equivalent to achieve N fast marching
procedures inside and outside the particles.

At initialization, each list LIST} corresponds to the interface I'; for which the label L
is equal to k inside or L; = k outside the particle. The distance associated to each list
LIST), corresponds to ¢q if Lo =k or L1 = k.

Then, when the interfaces are propagated in the all domain, the label L;, L, and the
distance functions ¢y and @9 are recovered by using the values of the NV obtained distances.
We denote by LIST} the kth list which corresponds to the object 2. Using the N lists,
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the functions are explicitly provided by:

Li(z) = argming LISTy(x)

vee vk e, N], { 22) = Ay, LIST() (4.9)
pi(z) = LISTp,(x)(x)
po(r) = LISTL, @ ()

In the case of N lists, each interface is spread until all points are visited.

For each list, adding a point in the binary heap has a complexity of the order O(log(M))
as well as the deleting procedure. Thus, the N fast marching complexity is of order
(NM)O(log(M)) which is better than the MLFMM complexity.

Table 4.1 provides the CPU time of both algorithms. It appears that the procedure to
compute L; using the MLFMM is faster than the IV fast marching procedure.

The computation of the label map Ls is the most time consuming procedure, it represents
over 60% of the MLBFMM CPU time for 400 interfaces. For 400 particles, the CPU time
of the MLFMB has exceeded the N FMM. To lower the computational cost, we propose
to activate the computation of Ly only for the closest particles and to propagate the
interfaces in a vicinity of the particles’ boundaries.

N | N FMM MLFMM

10
50
100
200
400

Table 4.1: Comparison of the CPU time of the N FMM and the multi label fast marching
method.

4.3.2 Activation of the narrow-band NB;, and NDBj,

We compare the N lists procedures and the MLFMM when the narrow-band condition
N By, and NBy, are activated. The N signed distances are computed in a narrow-band
of size N By, allowing to update the label maps and two distance functions inside these
narrow-bands. Likewise, the computation of ¢, and L; is achieved in a narrow-band of
size NBy, and if the particles are at a distance 2N By, the computation o and L is
activated in a narrow-band of size NBy,.

To compare the CPU time, we add the particles next to each other in the domain, the
particles are close enough so that the computation of L, is activated as soon as there are
two bodies in the domain.

Table 4.2 shows the CPU time of both algorithms for NBj,, = 10h and NBj, = 5h
where h is the space discretization step. Using the narrow-band restriction, the N lists
procedure is highly less time consuming than the MLFMM. Moreover, the computation
of Ly with the MLFMM has significantly decreased.

The most optimal algorithm is hence to use the N lists procedure. However, after the N
lists procedure, the label map Ls is only defined at the overlapping regions of the narrow-
bands N By, , whereas with the MLFMM L, is defined as soon as the isolines N By, are in
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contact, the computation of L, is then activated and stops when ¢, reachs the distance
N By,. This difference is illustrated in Figure 4.9 for two configurations of particles. The
inconvenient is that as long as L is not defined on an interface, the short-range repulsive
force is not activated, and thus depending on the size N By, the numerical contacts may
not be handled.

Instead of using the N lists procedure, we propose to use the IV lists to compute ¢; and L,
and the MLFMM is activated if two particles are at a distance 2N By, to compute Lo and
@9 on a distance N Bj,. The CPU time of this last algorithm is represented on Figure4.8
for different number of particles close to each other for NBy, = 10h and NBy, = 5h.

N | N FMM MLFMM

Lo | Total
0.01
0.02
0.07
0.8
3.6

Table 4.2: Comparison of the CPU time of the N fast marching procedures and the multi label
fast marching method in a thin band around the particles (NByp, = 10h,N By, = 5h).

CPU time(s)

) 0 50 100 150 200 250 300 350 400
Number of interfaces (N}

Figure 4.8: CPU time of the most efficient algorithm: Computation of L; and ¢; with N lists
and computation of Lo and (g like presented in section 5.3.2.
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(a) Ly after N FMM or (b) Lq after N FMM. (c) Ly after
MLFMM. MLFMM.

(d) Ly after N FMM (e) Ly after N FMM. (f) Ly after MLFMM.
or MLFMM.

Figure 4.9: Label map Lo obtained after a multi-label fast marching or after the procedure using
N lists for two different configurations (a) and (d). The dashed lines represents the isolines
NBy,.

CONCLUSION

In this chapter, we have described the numerical evolution of the label maps and
distance functions. A level set function ¢ which captures the union of all interfaces is
introduced, this level set field is a signed distance function in a vicinity of the inter-
faces, at a distance N By, from the interfaces. Inside these narrow-bands, the level
set function ¢ is transported with the fluid or structures velocities, allowing to evolve
explicity the label functions Ly and L; close to the interfaces. Then, a multi-label
fast marching algorithm is performed in the vicinity of the particles.

First, the L; map and distance function ¢; are updated by propagating the N in-
terfaces over a distance NBp,, using N lists. When two particles are at a distance
smaller than 2N By, , that is when two L; narrow-bands are in contact or overlapped,
a fast marching procedure is activated to define the Label function L, and the dis-
tance function ¢. The interfaces of the second closest object Ly are propagated on a
distance N By, which has to be large enough to apply the short range repulsive force
to avoid numerical contacts between the particles.
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Chapter 5

Application to immersed rigid bodies

Contents
5.1 Penalization models for fluid/"many rigid body" coupling . . 92
5.2 Sensitivity to grid resolution . . . . ... ... .00, 102
5.3 Comparison of the method with level set decomposition . . . 112
5.4 Comparison of the collision model with the algorithm to han-
dle contacts introduced in [105] . . . ... ... ... ...... 119
5.5 Comparison of the repulsive force with or without constant
intensity . . . . . . . e e e e e e e e 125
5.6 Dense suspensions of rigid bodies in 2D and 3D . . . ... .. 130

This chapter proposes an application of the model to rigid bodies immersed in an
incompressible fluid.
In a first place, we describe the model adopted for the numerical simulations as well as its
numerical resolution. This model will be compared numerically to a penalization model
formulated in the context of a level set decomposition. The second part will be dedicated
to the numerical illustrations.
First, we will present a qualitative grid convergence in two and three dimensions through
the numerical simulation of spherical particles falling under gravity, two cases are con-
sidered: a constant intensity of the repulsive force and one depending on the relative
velocities between closest particles.
Then, the proposed model (5.17) and the model (5.11) which involves N level set functions
are compared in terms of computational complexity and the influence of the two collision
models on rigid bodies dynamics is explored. The proposed short-range repulsive force
is also compared to an algorithm proposed in [124] which enables to impose a minimal
distance between particles. Finally, some simulations of dense suspensions of circular rigid
bodies in two and three dimensions are presented.

5.1 Penalization models for fluid/"many rigid body"
coupling

A penalization method is used to take into account the rigid bodies immersed in the
fluid. In a first section, we present the penalization model for several immersed rigid
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bodies. Then, the penalization model formulated in a level set decomposition framework
is presented. Finally, a penalization model reformulated by means of the label maps and
distance functions is introduced. Two numerical algorithms to evolve the structures are
described and compared in terms of computational complexity.

5.1.1 Penalization model for many rigid bodies

The FSI technique adopted to take into account the rigid bodies immersed in a fluid
is the penalization method [4; 140]. We recall here the Penalized Navier Stokes equations
for N rigid bodies evolving in a fluid.

The computational domain Q € R? d = 2,3 is decomposed as

N
Q=Qp U (U Q)
=1

where {2y, is the fluid subdomain and (; is the region occupied by the ith rigid body
and I'; its boundary. The boundaries of the computational domain 2 are denoted by
0,1 €1,..,2d],d =2, 3.

The fluid density and viscosity are denoted by p; and p1 and U and P are the flow velocity
and pressure.

The interaction between the structures and the fluid is modelled by the Navier Stokes
equations for the fluid, the rigid motions in the solid bodies and the no slip boundary
conditions on each rigid body interface. The penalization model for N rigid bodies is
given by:

{p(atU F(U-VU) =V - (VU)+Vp=pg+ AN, xi(Ui = U)) inQp=0Qx(0,7T)

V-U=0 in Qp
(5.1)
where, A >> 1 is the penalization coefficient, y; is the characteristic function of the solid
Q; defined as:
i = {0 ik (52)
1 inQ N;

Denoting by p; the density of the immersed bodies €2;, the density function is given by:

p=rpr+ > (pr = pi)xi (5.3)

i=1

Numerically, a regularized version x§ of this function is used. As the rigid bodies move
with the fluid, the displacement of y; is:

Vee Q,Vie{l,.,N}, Ox;+U-Vx;=0. or Oxi+U;-Vx;,=0.

Each rigid velocity U; is obtained by averaging translation and angular velocities over the

solid body €, ([140]):

Ui(x) :U§+VVZ- X (z—x?)

= m fQ, pxiUdx + (Jfl fQ’L pxiU x (2 — J:f)dz) x (z — z7)

(5.4)
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where J; is the inertial matrix of the body €2; and z its gravity center. These equations
has to be supplemented by boundary conditions for the fluid velocity and initial conditions
for the studied variables.

5.1.2 The penalization model using a level set decomposition

The penalization model using a level set decomposition consists in the penalized Navier
Stokes equations supplemented by the collision model introduced in [31], we also add the
repulsive forces exerted by the wall on the structures. As each solid body €2; is captured
by one level set function ¢;, the regularized characteristic function x5 is provided by:

i =1 — He(i). (5.5)

The density function is expressed as:

N
p=rpr+ > (pr—pi)X;- (5.6)
=1

Each level set function is transported either by the fluid or the rigid motion of the asso-
ciated body.

Vo € Q, Vi € {1,...,N}, 8t¢z—|—UV(bz:0 or at¢1+UZV¢Z:O
We recall that the repulsive forces exerted between the particles are provided by:

N

Vo € (, Fglobal(-T) = Z §<8(¢z(37))
ij=1
i#j

Vo;(x)
¢j 1’) Ep

). (5.7)

To avoid contacts between the particles and the walls, we define a repulsive force by using
a level set function ¢, which captures the union of all interfaces, this level set function
corresponds to the minimum of the N level set functions provided by:

Ve € Q, ¢ny1(z) = min(¢1(2), ¢2(2), ..., on(2)) (5.8)

Denoting by v; the distance functions to the boundary 0; as:

We define the repulsive forces exerted by the walls by:

Vo €0, Fua®) = §¢5(¢NH($))V$€S) exp <_%”“’)) | (5.10)

Finally, the system involving the NN level set functions and the collision model Fyopal is
as the following:

p(OU + (U -V)U) = V- (uVU) + Vp = pg + AL, X (Ui = U)) + Fyobal + Fuan in Q7

V-U=0 in Qrp
Vi, 8t¢z + UZ . V(bl =0 n QT
(5.11)
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5.1.3 The proposed penalization model

The system (5.1) depends on the number of bodies N contained in the fluid.
Indeed, the computation of N rigid velocities as well as the N transport equations are
required in order to evolve the N structures.
In addition, the penalization term /\(X:ij\i1 Xi(U; — U)) and the density function depends
also on the number of bodies.
In order to alleviate the high computational cost due to a large number of particles N
we take advantage of the label maps and distance functions to reformulate this model.
To achieve this, we define a label map Ly; which allows to partition the computational
domain into N subdomains, each subdomain is associated to the first closest structure,
this function is defined as:

Lo(x) if (Lo(z) # Ny)

5.12
Li(z) otherwise (5.12)

Vx € Q, L071(33') = {
The regularized characteristic functions of the solid bodies are then expressed as:

¢
Vx € Q,Vy & Q’ XL0,1(:v)(y) —1— H( Lo;(y))

Denoting by pr, () the density of the body () we obtain the following density
function:

Pz = pf(l - XL0,1(I)) + XLo1(x)PLo,1(x)

Computation of the rigid velocities

To compute the penalization term, the values of the rigid velocities are only required
inside the particles and in a vicinity of the particle at a distance €. Taking this in con-
sideration and the advantage of the formulation above, we define a global rigid velocity
which includes the N rigid velocities U;,i € {1, ..., N}.

More precisely, for each x € Q, y — Up, ) (y) is the rigid velocity of the solid body
Q1. (x) obtained by averaging the translation and angular velocities over the solid.

Setting:
Ve e Q, Q@) :/ p(2)dz = / P(2)XLe(z)(2)dz (5.13)
QLo,l(fﬂ) Q

we obtain the following formulation .

Ve e, Yy € Q,

1
ULo,l(w)(?J) = m[zﬂx(z)XLo,l(x)(Z)U(z)dz
0,1
+ (JL_O:El(x)/pr<Z)XLO,1(x) (Z)U(Z) X (Z - x%o,l(z))d’z> X (y - m%o’l(y))'
(5.14)

where Jr, () and SL’%O () are the inertial matrix and center of gravity of solid €, , ().
In a neighboorhood of a particle ; that is when Lg; = 4, the defined global velocity
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corresponds exactly to the rigid velocity U;.

On the implementation side, all rigid velocities are computed incrementally, involving
only one iteration on the mesh grid.
To compute the coefficient of the repulsive forces, which depends on the relative velocities
of the closest particles, we extend the velocities in each portion where the label map Lo
is defined that is by setting:
Vo e, Yy € Q,

ULy (y) = U'(L2(2)) + W(La(x)) x (y — 27(La(y))) (5.15)

where U' is the translational velocity and W the angular velocity.

Evolution of the solid bodies

To evolve the rigid bodies two algorithms are considered. The first one consists in
evolving the level set function which captures the union of all interfaces and then perform
the evolution introduced in Chapter 3. The second one, consists in reconstructing the N
level set functions by using the method proposed in [31] in order to evolve the structures
and recover the label maps and distance functions.

Transport of the level set function ¢

The advection of the level set function can be achieved either with the global rigid
velocity or with the fluid velocity. Mainly, we have:

0p+U-Vo=0o0r9¢+Ur, Vo=0

To compare the results obtained with these two advection equations, we consider the
test case of a circular disk falling under gravity and we do not reinitalize the level set
function as a signed distance function. Figure 5.1 shows the obtained level set function
transported by the fluid velocity field and the rigid velocity for one particle, the isolines
corresponds to ¢ = ¢ and ¢ = 0. Inside the particle, the isolines are not deformed as the
fluid velocity field match the rigid one, whereas outside the fluid velocity field deforms
the isolines. It is thus more convenient to transport ¢ with the rigid velocity Ur,, which
is more regular than the fluid velocity field in a vicinity of the rigid bodies.

(a) t = 0.05 (b) t =0.05 (c) -7 .1

Figure 5.1: Isolines ¢ = € and ¢ = 0 transported by the fluid velocity (red lines) and by the rigid
velocities Up, , (white lines).
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Reconstruction of the N level set function

The transport equation of the level set function even with the rigid velocity does not
conserve exactly the signed distance function, as spatial and time discretization errors are
introduced during numerical calculations. As the considered bodies are rigid, an efficient
technique proposed in [31] is to evolve the structures by using the gravity centers and the
transformations over the solids. We present the technique in the case of one rigid body
captured by a level set function ¢ in three dimensions, the extension to several bodies is
straightforward.

Taking advantage of the rigidity property of the displacement, a simple interpolation of
the initial level set function ¢g(x) is achieved using the characteristics of the velocity field.
Denoting by X (0, z,t) the characteristics of the velocity field we get:

¢($, t) = ¢0(X(07 z, t))

Setting :

n

o = [w"|At,

jwn]
n

w
where 6" is the step rotation and m corresponds to the normalized rotation vector
w

= (a, 8,7)

around which the solid body turns, the rotational matrix is provided by:

1 —2b% — 222 2ab — 2cd 2ac + 2bd
R" = 2ab + 2cd 1—2a? — 22 2bc — 2ad
2ac — 2bd 2bc + 2ad 1 — 2a? — 2b?

where
n n n mn

0 0
a= asin(?), b= ﬁsin(;), ,C= ’ysin(?), d= cos(;)

The position at time " of a point X which moves with the solid body can be deduced
in function of its position at time ¢":

X" ="+ UMAt + R*(X" — ¢")

and by accumulation of rotations and translations we get:

X" =T[ Rz — ) + )™
i=0

The position of the gravity center is directly obtained by translation as:

n+l _ _n t
Ty =y + AtU

Thus, the computation of the level set function ¢"*! consists in first computing for all grid
points z; the characteristics X (0, z;, t"™) and then interpolate ¢o(X (0, z;,t"™')) from the
grid values by bilinear interpolations giving:

1

n+1 ypn+1\

(X — ) — xS) (5.16)
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At each time step, the error due to transport equation is constant and depends only
on the choice of the interpolation function. Moreover, the computation of the transport
equation is fast, only the interpolations can induces a high computational cost if high
order interpolation scheme are used.

A linear interpolation is not sufficient for this work, as the distance between the bodies is
required and has to be accurate. However, as the proposed collision model consists in a
short-range repulsive force, the signed distance function are only required in a vicinity of
the particles interfaces. In the case of a spherical particle, the gravity center is transported

41 ¢
x;‘ = x;‘—FAtU

and we define ¢ as the distance to the gravity center as the distance to a sphere is a very
fast procedure. For more general shape like ellipsoids, the distance to the interface is not
explicit and it induces a very high computational cost in particular when dealing with
several bodies, it is thus faster to interpolate the initial level set function.

The complete penalization model

Finally, the proposed penalized model is provided by:

p(OU + (U -V)U) — uAU + VP
= pg + A(XLQJ(ULOJ - U)) + Eabel + Fwall in QT (5]-7>
V-U=0 in Qrp

Denoting by ¢; the distance functions to the boundary 0€2; as:
Vo € Q, ¢;(x) = d(x, 0;) (5.18)

the repulsive forces exerted by the walls are given by:

Vo € Q, Fyan(z) = Z g(&d@)% exp (—%bx)) : (5.19)

and we recall the particle-particle repulsive force:

Vi € 0, F(r) = TR 0 (g(a)) VI o <‘¢2($)) (5.20)
5 a(x) £p
where K, , 1, is either a constant value fixed at the beginning of the simulation or it
depends on the relative velocities between the particles. This model has to be completed
with the evolution of the solid bodies and the initial and boundary conditions on the
velocities and pressure.
Thanks to the label maps, we have suppressed the dependence on the number of bodies
in the repulsive force, the penalization term, the density function and the computation of
the rigid velocities.

5.1.4 Discretization and Numerical implementation

This part elucidates the numerical resolution of the system (5.17), two algorithms are
considered for the evolution of the rigid bodies and we provide a comparison of these two
algorithms in terms of computational complexity.
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Resolution of a multi-fluid problem in the fluid /structures domain

The Navier-Stokes equations are solved using an incremental projection method of
Chorin type. Given a time step At, we set t" = nAt and U" ~ U(.,t"). First, we
compute an intermediate State U* from:

At AtVp"
U = U™ — At U™ - V)U" + p—n“AU” + Atg — Vnp . (5.21)
Then we solve the pressure from the equation:
Vprtto div(U*) Vp"
. = . 5.22
V() = S V) (522
so that the velocity:
— At
0

is divergence free. The pressure equation (5.22) can be solved directly by a conjugate
gradient algorithm or approximated with a relaxation procedure as follows:

Ap"tt = L) div(U™) + Ap"
At

setting 1/p" = 1/po — (1/po — 1/p™) in order to get a Poisson equation much faster to
solve. In that case, the step u satisfies Navier-Stokes equations with a modification of the
pressure term (1/p" —1/po)Vp"™ +1/poVp" ! instead of 1/p"Vp™*!. It remains to choose
po in order to have the best approximation. We have tested three different values py = py,
po = Pro, and po = (pr,, +pr)/2. The Poisson solver is based on a classical 5 or 7 points
second order stencil according to the dimension, the viscous terms are discretized by a
second order central scheme and the convection term is discretized by a 5 order WENO
scheme.
To find the best value for py, we perform a numerical test with six rigid disks falling
under gravity in two dimensions. The Figure 5.2 shows that the results obtained with
po = ps gives the worst approximation whereas the two other values are very close to
the approximation of the exact solution computed with the conjugate gradient. In the
following we set pg = (pr,, + ps)/2-

Concerning the penalization term an implicit treatment is adopted in order to use
larger penalization coefficient A\ and therefore the interface boundary condition is satis-
fied with better accuracy.

Algorithm 1

In the general case the algorithm performs the following steps:

1. Compute and add the repulsive force Uy = U + AtF'2P

col »

- N N Y R
2. Compute the translation velocity Uy of the body r,,, Ur, , = ’
: ke Jo Xy, dx
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Figure 5.2: Flow field for six rigid disks falling under gravity (left) and a zoom of the location of
the interface for different values of py (right). The conjugate gradient method is in red, pg = py
in black, po = pr,, in white and po = (pr,, + ps)/2 in blue. The background color shows the
level set amplitude.

3. Compute the angular velocity W01 of the body 1o,

L _7-1 n.n n n __ g
Whot — Lou / P X Uy - XLngdx x r", where r" = (z — SL’Lgl)
o :

4. Compute the rigid velocity Uy, , of the body Qp,,, Ur,, = U}, , + W}, |
5. Correct the velocity using an implicit treatment of the penalization term

Ut Uy 1 :
T = XXL0,1<UL0,1 -U +1)7

6. Transport the solid bodies with the fluid velocity or the rigid velocity ¢"*! = ¢ —
AU . g,

7. Redefine the distance function ¢} = |¢"*+!],
Redefine L™ L+ using ¢t
Perform the multi label fast marching method described in Chapter 3

8. Redefine the gravity centers as:

(5.24)

The implicit treatment of the penalization term allows to use a large penalization coeffi-
cient \. Moreover with this algorithm, the incompressibility constraint is imposed before
the rigidity constraint. The two constraints are better imposed as:

DU)=0=divU =0

100



CHAPTER 5. APPLICATION TO IMMERSED RIGID BODIES

Algorithm 2

The second algorithm consists in reconstructing the N level set functions using 5.16.
Then, the steps 6 and 7 of the previous algorithm are modified as follows:

6. Transport the solid bodies using (5.16).

7. Redefine the label maps and distance functions:

Liti(z) = iif¢j™ <0
L'"(z) = argmin ¢

Ve e, Vie{l,. ., N+1}, ' @)
Lyt (z) = arg min qﬁ?“

GELY T (@), Ly (2)}

i (@) = d(@,Tpnng,)
Vo € €,
SDQH () = d(, FL’;H(@)

Comparison of the two algorithms of evolutions

For circular rigid bodies, we compare the CPU time of both algorithms. In algorithm
1, the transport of the solid bodies with the help of one level set function is achieved
using a WENOS scheme whereas in algorithm 2it is performed by direct explicit trans-
port of the center of the bodies. The redefinition of the label maps is performed either
with a multi label fast marching algorithm on a thin band around the particles or using
N signed distance functions that are updated directly thanks to the transport of the N
gravity centers. The narrow-band sizes are NBy, = 10h and NBy, = 5h where h is the
space discretization step.
To compare the CPU time of both algorithms, we fill the computational domain with par-
ticles next to each other so that the computation of L, is active as soon as there are two
particles in the domain. Thus, the CPU time provided for the Multi Label fast marching
is the worst CPU time one can obtain according to the number of particles.

Table 5.1 shows the CPU time of both algorithms, we can see that the CPU time of
algorithm 2 is faster. Nevertheless, the difference is small and during numerical simu-
lations the CPU time of the Algorithm 1 will be lower as the particles can be far from
each other. Moreover, the Algorithm 2 is provided in the case of circular rigid disks, no
interpolations of the initial level set functions are required. For general shape of bodies,
interpolations of the N initial level set functions have to be achieved, the resulting CPU
time will be higher. It seems most efficient to use the algorithm 1 for large number of
particles.
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Number of | Algorithm 1 | Algorithm 2
disks CPU time CPU time
10 0.1 0.05
50 0.5 0.6
100 1.0 0.7
200 2.1 1.4
400 4.0 2.8

Table 5.1: Computational time of both algorithms.

5.2 Sensitivity to grid resolution

A grid convergence study is carried out in dimension two and three.

In dimension two, the grid convergence is performed on four grid levels (G1, G, G3,G4)
which contain respectively : (128 x 128), (256 x 256), (512 x 512) and (1024 x 1024)
cells on a uniform mesh. The regularization parameter ¢ is fixed to Az where Az
denotes the mesh size corresponding to the coarsest grid (128 x 128).

Three test cases are investigated, the first one deals with the sedimentation of a 2D cylin-
der in an infinite canal. Then, we consider eight circular bodies falling under gravity and
we present the grid convergence in the case of a constant intensity of the repulsive force
(k is a constant) and with a repulsive force depending on the relative velocities. Finally,
a qualitative grid convergence is presented for the sedimentation of 25 particles with a
constant intensity of the short-range repulsive force. For all these simulations, the density
of the fluid is set to 1, the dynamic viscosity p = 0.01, the gravity force g = —980 and the
interfaces are regularized on thickness e = 1/128, the rebound parameter is fixed to e, = ¢.

The grid sensitivity in dimension three is achieved for a grid step h which varies from
0.015625 to 0.0039 and for the sedimentation of two hundred spherical rigid bodies.

5.2.1 Sedimentation of a 2D cylinder on a plane wall

We consider here the case of a 2D cylinder falling in an infinite canal and hitting a flat

plane. The parameters used are the same as the ones used in [67]. The computational
domain € is a square cavity of size [0,2] x [0, 6], the density of the solid body ps is set to
1.5. The particle of radii 0.125 is initially located at (1,4). The repulsive coefficient k is
fixed to 100.
We show on Figure 5.3 the results obtained for two different resolutions h = 1/256 and
h = 1/512, we represent the trajectory of the y coordinate of the gravity center (top) and
the vertical velocity of the rigid body (bottom). We observe that the particle falls fastly
until it approaches the wall and it hits the bottom, then it bounces on the wall and finally
reachs a steady state.

For the two different grids, the results are almost similar. These results match almost
perfectly the one obtained in [67] and [31] for which two resolutions h = 1/256 and
h = 1/384 of this benchmark were presented. The only difference comes from the minimal
distance between the wall and the particle which is smaller here and thus the rebound
time is shifted compared to their simulations.
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Figure 5.3: Simulation of a 2D cylinder falling on a flat plane.

5.2.2 Collision model with constant repulsive intensity

We investigate here the grid sensitivity of our model in the case of multiple immersed
particles. The computational domain is a square 2 = [0,1]>. The density of the rigid
particles is set to p; = 2. The repulsive coefficient is fixed to k = 100 for all the bodies.
The same coefficient is chosen for the repulsive forces exerted by the four wall ky.; = 100.
The repulsive forces are applied on a ring around the interface of thickness ¢ = Az,
Two test cases are explored: the sedimentation of eight rigid disks of radii » = 0.05 and
25 circular rigid bodies having the same radius R = 0.025 + ¢.

Results of the first benchmark are presented on Figure 5.4. Figures 5.5 and 5.6 show
the time history of the trajectory and velocity of the first particle. Before the collision
time ¢ ~ 0.1, a grid convergence is achieved as the three finer grids provide similar results.
Then, we observe the well-known phenomena of drafting, kissing and tumbling [58]. Once
collisions occur, one can not obtain similar results for the different resolutions, we should
note however that compared to the coarsest grids, the two finer grids seems to produce
results close.

The second simulation which deals with the sedimentation of 25 particles is represented
on Figure 5.7, the white line corresponds to the numerical size of the rigid particles (¢ = ¢).
At initialisation, the spheres are released from rest and fall because of gravity. As time
proceeds, the distance between spheres decreases until collision occurs that is kissing
process. The kissing phenomenon persists and then we can observe a tumbling stage .
The dynamic of the rigid bodies and the interaction between them is quite similar for the
different resolutions. By ¢ = 0.48, all simulations have reached static equilibrium which
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represents different local minimum of the sedimentation of the 25 disks. We observe that
the two fine simulations are very close to each other until time ¢t = 0.15 and keep a
symmetrical distribution. At the end of the simulation, a packing of the bodies is formed
at the bottom of the computational domain and is composed of three layers. Each layer
contains the same number of structures for the four different grids: eleven bodies on the
first one, ten bodies on the second one and four on the last one. The distribution of the
four bodies of the third layer is different for the various grids but is much closer on the two
finest simulations. From these two test cases, one can conclude that the grid convergence
is achieved for the grid G52, the corresponding discretization space step is h ~ 1.95.1073.

— t—005 ) t=10.15

) t=0.20 )t=0.25 ) t=0.30 )t=0.35

Figure 5.4: Study of the grid convergence with a test case of 8 rigid disks falling under gravity,
the repulsive coefficient £ = 100. The red contour corresponds to the grid Gas6, the green contour
to G512 and the black contour to the grid Gip24.

5.2.3 Collision model depending on the relative velocities

We investigate here the grid convergence in case in which the collision model depends

on the relative velocities of the closest particles . We consider again the test case of eight
disks of radius R = 0.05 falling under gravity force g = —980.
We denote by Dpn(i, 7) the minimal distance between the ith and jth particle computed
by means of the distance function s and by K(i,7) the intensity of the repulsive force.
When the particles get close from each other,Dy,(i,7) < 2¢, the repulsive coefficient
k(i,j) is fixed until the distance between the particles is higher than a certain value, here
we take Dpin(i,j) < 2¢ + 4Ax% . When the relative velocities are close to zero, the in-
tensity of the force is fixed.
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Figure 5.5: Study of the grid convergence with a test case of 8 rigid disks falling under gravity,
the repulsive coefficient k£ = 100. Time history of the trajectory and velocity of the first particle.

105



CHAPTER 5. APPLICATION TO IMMERSED RIGID BODIES

0.24 T 0.9 T T T T T
6128 — : . © G128 ——
6256 —— : : g
6512 —— : : DR ——
022 61024 — | 0.8 — o o 61024 ——
0.7
02b
g g °°
3}1 0.18 yl
0.5
0.16
0.4
O b
0.3
0.12 0.2
0.1 0.1
o 0.02 0.04 0.06 0.08 0.1 0.12 o 0.02 0.04 0.06 0.08 0.1 0.12
: i B : T G128 — T T T T T oizs ——
aboo L i b R e ]
: : U 6256 —— : : : 6256 ——
o6512 —— : : : 6512 ——
(1024 — : : : 61024 ——
ut
1
-0.5 =
o 0.02 0.04 0.06 0.0 0.1 0.12

Figure 5.6: Study of the grid convergence with a test case of 8 rigid disks falling under gravity,
the repulsive coefficient £ = 100. Time history of the trajectory and velocity of the first particle
just before the collision time t = 0.1.
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(i) t = 0.105 (j) t = 0.105 (k) t = 0.105 (1) t = 0.105

(q) t =0.48 7 ()t—048 7 ()t—048 7 ()t—048

Figure 5.7: Study of the grid convergence with a test case of 25 rigid disks falling under gravity.
From left to right, grid 128 x 128, grid 256 x 256, grid 512 x 512 and grid 1024 x 1024. The
background color shows the level set amplitude.
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In Figure 5.8, we represent the vertical trajectory of the first and fifth particle obtained
for the three resolutions Gasg, G512, Gio24. The particle one is located in the first layer
(from top to bottom) and is the first one starting from left, the 6th body is part of the
second layer and corresponds to the first one starting from left. In Figure 5.9, we represent
the minimal distance between these particles and the associated repulsive coefficient.
We can see, that the repulsive coefficient for the resolution h = 1/256 is higher than the
others. Moreover, we observe several rebounds for this resolution, the particles move away
and approach each other several times.

On the contrary, for G512 and Gige4, only one high rebound is observed and then the
particles remain close from each other until the end of the simulation.

We also represent the results of the simulation on Figure 5.10. The grid convergence is
clearly achieved for the resolution Gsqs.
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Figure 5.8: Trajectory of the gravity center (y coordinate) of the first and fifth particle.
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Figure 5.9: Minimal distance between the first and fifth particle (top) and the associated repulsive
coefficient (bottom) which depends on the relative velocities.
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) t=0.05 )t=0.15

) t=0.25

Figure 5.10: Study of the grid convergence with a test case of 8 rigid disks falling under gravity,
the intensity of the force is proportional to the relative velocity. The red contour corresponds to
the grid Gasg, the green contour to G512 and the black contour to the grid Gigog.

5.2.4 Grid convergence 3D

We consider a computational domain €2 = [0, 1] and we study the grid sensitivity using
three different grids which contain respectively : (64%), (1283) and (256%) cells on a uniform
mesh. The half thickness of the interface is ¢ = 2Ax. The coefficient of gravity g is set
to -980. The repulsive coefficients are: k, = —g/10, k, = —g/10, k, = —g/10, k¥ =
—g/40, kY = —g/40, k¥ = —g. The first simulation deals with the sedimentation
of a sphere falling on a plane wall. At initialization the gravity center of the sphere is
located (0.5,0.8,0.5). Figure 5.11 shows the time history of the vertical trajectory of the
gravity center and the vertical velocity performed with the three different grids, we can
see that for the two finer grids provides similar results, the sphere hits the bottom wall at
the same time, then the sphere rebounds on the wall, the obtained results for these two
resolutions are close before the second rebound, due to instabilities we observe thereafter
a delay between the two results.

Figures 5.12, 5.13 and 5.14 show the simulation of 200 rigid spheres of radius R = 0.01
falling under gravity. The results obtained with the finest grids are almost similar, the
particles fall down symmetrically no interaction occurs between the particles before hitting
the bottom wall. On the contrary, with the coarser grid, the particles interacts and falls
unsymmetrically, this is due to the fact that the short range repulsive forces are active
from the beginning as there are less discretization points in the interstitial gaps between
the particles.

Thus a 3D qualitative grid convergence is achieved for a large number of particles.
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Figure 5.11: Vertical trajectory and velocity of a sphere falling on a plane wall obtained with
three different resolutions.
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Figure 5.12: Simulation of 200 rigid spheres subject to gravity (grid resolution size 643). The
colors indicate the values of the label map Ly from dark blue for the first body to dark orange
for the 200" body and red for the fluid that is the 201** object.

N”T“"T\ S g

(a) t = 0.0 (b) t =10
AT ]
-
(e) t =25 (f) t = 4.0 (h) t = 14.7

Figure 5.13: Simulation of 200 rigid spheres subject to gravity (grid resolution size 1283). The
colors indicate the values of the label map Ly from dark blue for the first body to dark orange
for the 200" body and red for the fluid that is the 201" object.
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(e)t=25

Figure 5.14: Simulation of 200 rigid spheres subject to gravity (grid resolution size 2563). The
colors indicate the values of the label map Ly from dark blue for the first body to dark orange
for the 200"* body and red for the fluid that is the 201" object.

5.3 Comparison of the method with level set decompo-
sition

We provide here a comparison of our penalization model (5.17) and the penalization
model that uses a level set decomposition (5.11).

5.3.1 Computational time using the algorithm (2) for rigid disks

We give a comparison of the computational time in the case of N rigid disks. Instead of
transporting one level set function and performing the multi label fast marching method,
we transport the gravity centers of the N rigid structures and reconstruct their associated
level set functions. Then, the label and distance functions are reinitialized by using their
definition. It is most convenient to use this algorithm in order to compare the saving
computational time which is induced by changing the penalization model (3.12) and our
proposed penalization term. We average the computational time on the ten first iterations.
The averaged CPU time of our algorithm (table 2) is compared to the method using N
level set functions (table 1), according to the number of cells. As noticed before the
collision model (3.12) computes N? repulsive forces which induced a high computational
cost as shown in the second column of table 1 whereas in the present algorithm, the CPU
time of the collision model is constant as it does not depend on the number of cells. The
CPU time of the penalization model is larger in (5.11) because it depends on the number
of cells. Indeed, N rigid velocities must be computed to get the right velocity of each cell.
In the present algorithm, we must add the label redefinition that depends almost linearly

112



CHAPTER 5. APPLICATION TO IMMERSED RIGID BODIES

on the number of cells and so is quite cheap. For a low number of cells the CPU time of
both methods is close but increasing this number from 2 to 400 cells induces a total CPU
time 8000 larger for the model (5.11) whereas with the present model the CPU time is
only 25 times larger. The proposed model is hence around 340 times faster for 400 cells.

Number of | Collision model (3.12) | Penalization model (5.11) Total

disks CPU time CPU time CPU time

2 0.02 0.06 0.2

) 0.17 0.16 0.48

10 0.72 0.35 1.24

25 4.87 0.88 6

20 19.25 1.75 21.5
100 80.8 3.9 85.3
400 1583.4 19.75 1605.3

Table 5.2: Averaged CPU time using the N level set decomposition

Number of | Model (3.16) | Model (5.17) | Label redefinition Total
disks CPU time CPU time CPU time CPU time
2 0.015 0.05 0.008 0.2
5 0.015 0.06 0.014 0.23
10 0.015 0.09 0.02 0.25
25 0.016 0.18 0.08 0.4
20 0.016 0.3 0.16 0.6
100 0.016 0.56 0.23 0.9
400 0.016 2.52 2.06 4.7

Table 5.3: Averaged CPU time using the algorithm of section 5.1.4

5.3.2 Numerical comparison of the two collision models

We provide here a comparison of the two collision model in the case of a constant
intensity of the repulsive forces to validate the proposition 1 presented in Chapter 3. This
proposition is also avalaible for p = 2, so that L? norm can be used. To highlight the
differences between the two collision models we first focus on a a test case with three
circular rigid bodies falling on each other. The simulations are performed on a grid of
size (128 x 128) corresponding to a space step Az = 7.8125.1072 in order to better see
the difference between the two models. The bodies have the same radius R = 0.1 and the
thickness of the interface is ¢ = 2Ax. The repulsive coefficients exerted by the wall are:
ke = —g/10, k, = —g/10, E}*" = —g/40, k7™ = —g.

On Figure 5.16, black and white lines represents the interfaces of the three different
objects. The black line stands for the collision model (3.12) and the white line for the
collision model (3.16) corresponding also to the colors that represent the values of the
level set function. We can see that the bodies have the same behaviour, as expected,
because on the one hand the radius is large and on the other hand the forces applied on
the bodies are very similar. So the difference is small. The Figure 5.17 shows the results
obtained with 6 rigid bodies. here we can see again that the behaviour is very similar for
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a large radius. The last test concerns the same configuration with six smaller disks with
radius R = 0.03 leading to a higher difference in the dynamics even if the final state is
the same. The difference between the two models is stronger when the number of body
is larger or when the force coeflicients are higher. The bottom plot in Figure 5.19 shows
the vorticity inside the fluid domain, when the bodies reached the bottom they move to
the right and induce a strong positive vortex that has a strong influence on the dynamics
of the bodies in its turn. We observe that the vorticity increases when the bodies are
close to each other as the repulsive force is higher. At time ¢ = 0.5 the vorticity vanishes
because the six rigid bodies have reached the static equilibrium.

HFglobal - Eabel|’L2(Q) for

We represent on Figure 5.15, the estimation of the error
| Flabel || L2(02)
different number of particles. Then, we take the case of three particles and we vary their

radius, the results are presented in Table 5.4. These results validate numerically the
Proposition 1 that is the error estimation depends on the number and the size of the
particles. The larger are the particles the smaller will be the difference between the two
collision models.

Radius of Error
disks estimation
1.1072 6.8.1072

2.5.1072 1.107°
5.1072 2.107Y
1.1071 6.10~1°

HFglobal - ﬂabel|’L2(Q)

Table 5.4: Error estimation for three particles according to their radius.

| Flabel|| 2 ()

| Fgtobal — Flabelll 22 (q)

”Flabcl H L2(Q)

o 10 20 30 40 50 60 70 80 %0 100

Number of particles

| Fglobal — Flabel [l £2(0)

Figure 5.15: Error estimation according to the number of particles N.

HFiabel ||L2(Q)

A scheme for inelastic collisions is implemented imposing a minimal distance between

bodies
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(d) t = 0.12 () t = 0.15 (f) t = 0.23

Figure 5.16: Comparison of the two collision models for three disks of radius R = 0.1. The
background colors show the level set amplitude.
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(d) t=0.25 (e) t =0.38 (f) t = 0.50

Figure 5.17: Comparison of the two collision models for six disks of radius R = 0.1.The back-
ground colors show the level set amplitude.
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(d) t =0.25 (e) t =0.38

Figure 5.18: Comparison of the two collision models for six disks of radius R = 0.03. The
background colors show the level set amplitude.
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Figure 5.19: Six disks falling under gravity, colors represents the values of the vorticity field.
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5.4 Comparison of the collision model with the algo-
rithm to handle contacts introduced in [105]

In this part, we compare qualitatively our model to an existing method proposed in
[105]. We first describe briefly this method, then a numerical comparison on two test
cases are presented.

5.4.1 Description of the model

In that model, the solid bodies are taking into account by penalizing the strain tensor
to enforce the rigid body motion (see [88]).
A scheme for inelastic collisions is implemented imposing a minimal distance between
bodies and therefore avoiding contacts between the particles and the four walls (see [124]
). Only spherical particles are considered so that the projected velocities are the transla-
tional velocity of the particles. As the translational velocities are in the all computational
domain, only a loop on the number of particles is required to update them.

The principle of the contact algorithm is to project the velocities onto a set of ad-

missible velocities corresponding to the set of velocities for which the particles and the
particles and the walls are not in contact.
The first step is to compute the signed distance functions between the particles and their
gradient. Denoting by 7; and r; the radius of the particles 2; and €; and z; and z;
their gravity centers, at each time step the signed distance function between €2; and (2, is
defined by:

D;;(a") = [a} — x| —ri —1;

Then, the gradient of this distance is given by:

VD, 5(2") = (o0, =1, 0,20, )

Z7]’

where the normal e}'; is defined by:

no__ gn
n_ajj :EZ

Yo e — o]

The signed distance functions are computed between pair-wise particles, so for N

particles w distances and gradients are computed. The set of admissible velocities is
defined as:

G(z") = {Vi < j,U € R*", D, ;(2™) + AtU - VD, ;(z") > 0}

If the velocities are projected onto this set, at the next time step, no overlapping can
occur. Indeed, denoting by U; and U; the velocities of the particles €2; and €2;, the signed
distance function D; ; is solution of the following transport equation:

atDi’j + U : VDZ,j — 0
Thus, if the contraint G(z™) is checked we have:
Dyt >0
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In practice, it is better to define a minimal distance between the particles, which avoid
the particles from being in contact, the constraint is changed as:

Di,j(fﬂn) + AtU - Gi7j<$n) > Dmin
giving:
D?;rl Z Dmin
In order to project the velocities a priori U]* onto the set G(2") a vector of lagrange

N(N-1)

multipliers is introduced. We denote by A € R, *  the lagrange multipliers.

Then, the functional to be minimized is:

1
JUN) = S|U= U= ) Xij(Dij(a") + AtU - VDy(a")) (5.25)

1<i,j<N

Then, at each time step the saddle path problem resolved by an Uzawa algorithm is:

N(N—1)

(
Find (U™, A") € R?" x R, ? such as:

N(N-1)
2

V(U,A) € RN x R, JU",A) < JU",\") < J(U,\")

If there is no contact between the particles €2; and 25, the lagrange multiplier A; ; = 0,
and thus the associated velocity is not projected.
Finally, the new projected velocities U are used to transport the gravity centers as:

Vie{l,..,N}, 2"t =o' + AtU!

5.4.2 Numerical comparison

Let us draw a comparison between the contact algorithm presented above and the
proposed collision model in the case of a constant intensity of the force. The fluid flow is
governed by the Navier Stokes equations with a dynamic viscosity p = 0.01 and density
pr = 1, the particles density is fixed to p; = 2.

We first present a test case for which the contact algorithm is inserted in our code so that
the only error comes from the procedure to deal with numerical contacts.

The test case consists in the sedimentation of eight disks. The gravity force is g = —980
and the radius are R = 0.1. The repulsive coefficient for the walls and the particle/particle
contacts are fixed to 100. The computational domain [0, 1] x [0, 1] is discretized with a
mesh grid which contains 512 x 512 nodes and the thickness of interface ¢ = 2h where
h = 1/512. For the contact algorithm of A.Lefebvre and B.Maury, we set the minimal
distance D,,;, = 2¢.

The obtained simulations are presented in Figure 5.20 and 5.21. We observe that the
dynamic of the rigid bodies is completely different with these two procedures.
In Figure 5.21, the particles fall until collisions occurs at time ¢t = 0.14, then the top par-
ticles roll on the bottom particles to finally hit the bottom and rebound at time ¢ = 0.19.
At t = 0.24, all the particles are distributed on the bottom but keep moving until t = 0.4
where the particles have reached the steady state and are distributed symmetrically in
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the computational domain. The kissing process is very fast as it only lasted around 0.5
seconds.

The results represented in Figure 5.20 are different from ¢ = 0.14 when the particles col-
lide. We observe the same kissing phenomenon, at ¢ = 0.17 the top particles roll on the
bottom ones except for the green particle located at right which stands on the orange
rigid body. Then, instead of falling and stay close to the ground, we can see at t = 0.2
that the light blue particle rebounds on the wall until it hits the green particle located at
right. There are more interactions between the particles, at ¢ = 0.25 the blue, light blue,
green and orange particles form a packing and move together to finally end up on the
bottom wall. Then, the particles keep moving until the steady state is reached at ¢ = 0.6.
Consequently, the two simulations provides two completely different behavior of the par-
ticles. On one side, the particles just fall, rebound, kiss and hit the bottom whereas with
the contact algorithm the particles interact much more with each other in particular we
observe a collective motion of some particles. The final steady state is reached later t = 0.6
with the contact algorithm and the distributions of the particles are not the same at all
with the two procedures. With the contact procedure 5.20 the dynamic of the particles
seem physically unrealistic.

Concerning the CPU time of the contact algorithm and our model it is not possible to
make a comparison as the behavior is different. We should note however that the compu-
tation of the signed distance functions is very fast as it only uses the gravity centers, the
projection of the velocities is almost always active from ¢ = 0.17 as the particles are close,
in particular from ¢t = 0.25 to ¢t = 0.6 it is active between the closest bodies inducing a
higher computational cost than just computing a short-range repulsive force, in addition
it may have an influence on the resulting late steady state.

We now investigate the sedimentation of 100 rigid particles of radius R = 0.01 subject
to the gravity force ¢ = —70. The corresponding repulsive coefficient are:

kx = _9/77 ky — _9/7, k:‘;VaH — _9/28, k;vall = —g.

The Figure 5.22 shows the results obtained with the FreeFem +-+code implemented by
B.Maury and A.lefebvre (see [105]) on a mesh with x elements. Using our model, the
simulations are performed on a grid of size (512 x 512), the half interface thickness ¢ is
set to the mesh size Ax and the results are shown in Figure 5.23.

Despite a symmetrical configuration the results in Figure 5.22 are unsymmetric from the
beginning whereas our results stay symmetric until time ¢t = 1.44. The only common
point between these two simulations is the time simulation corresponding to the static
equilibrium which is reached at the same time t = 4.8. Otherwise, with our model the
particles falls symmetrically, at ¢ = 1.44 some particles have already hit the bottom, many
drafting, kissing and tumbling process take place at several times. At the final steady
state, a packing of the bodies is formed at the bottom composed of different layers where
the particles have tried to fulfill each layer.

On the contrary, on Figure 5.22, we observe a convection motion, the particles are carried
by the fluid and turns collectively in the domain, thus the particles fall more slowly. At
the steady state, the packing of the bodies is not uniform different layers are formed but
are not fulfilled by particles. We observe clusters of particles.

It is difficult to compare numerically the obtained simulation for the two procedures as the
dynamic of bodies is not of the same type, the gravity force seems to have more influence
in our case whereas for the other procedure the fluid and the interaction between particles
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have the most effect. We should note however, that the proposed method does not allow to
reproduced clusters of particles contrary to the contact algorithm proposed by B.Maury.

) t=0.10 )t=0.14 ) t=0.17
)t =0.18 ) t=0.20 )t=0.24 )t =0.60

Figure 5.20: Simulation of 8 rigid particles submitted to gravity obtained with the contact
algorithm [105].

) t=0.10 )t=0.14 ) t=0.17
)t=0.18 ) t=0.20 )t =0.24 ) t=0.40

Figure 5.21: Simulation of 8 rigid particles submitted to gravity obtained with the proposed
collision model.
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(d) t=1.44 (e) t = 1.68 | (f) t = 2.08

“ t B 2'4 (h) t=

Figure 5.22: Simulation of 100 rigid particles submitted to gravity obtained with the FreeFem
code [105]
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(a)t=0 (b) t = 0.64 (c) t = 1.04

(d) t =144 ? (e) t = 1.68 v @t:i@w

(g)t=24 (h) t = 2.88 (i) t =438

Figure 5.23: Simulation of 100 rigid particles submitted to gravity obtained with our model. The
background colors show the level set amplitude.
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5.5 Comparison of the repulsive force with or without
constant intensity

In this section is shown the dynamic of rigid bodies of various size, the numerical con-
tacts are either handled by using the short-range repulsive force with a constant intensity
or according to the relative velocity between closest bodies.

The simulations deal with the sedimentation of 30 rigid bodies for the case of disks
the radii are R = 0.05 and R = 0.025 and we also considered rigid squares each side is
equal to v/TR.

The simulations are performed on a grid of size (512 x 512) and the half thickness of
the interface is ¢ = 1.5Ax. The coefficient of gravity g is set to —980. The repulsive
coefficients are fixed to 100 in the constant intensity force case.

Figures 5.25 and 5.24 show the sedimentation of 30 rigid squares of different sizes.
In the presence of rigid particles, the hydrodynamical instabilities are more prominent,
as initially the particles are close, the symmetry loss is almost immediate. Once, the
symmetry lost, we can not observe the same dynamics for these two simulations, as due
to instabilities the flow exhibits a very complex behavior, and it seems obvious that the
trajectories of rigid bodies can not be the same for the two simulations. This is even
more visible on Figures 5.27,5.26 where the vorticity field is represented at different time.
At first the vorticity is created by the falling of the bodies whereas, later, the vortices
convect the bodies, the bodies are then driven by the fluid flow.

Nevertheless, we can not that globally the behavior of the rigid bodies is in a sense
similar: we observe that until £ = 0.17 for both collision model the obtained results are
similar, the particles are carried by the fluid flow and turns in the domain convected by
the created vortices. At ¢t = 0.25 the minimal distance between the rigid bodies is smaller
for the simulation represented in Figure 5.24 than the particles in Figure 5.25, there are
more interactions between the particles. At ¢t = 3.18, the steady state has been reached
for both simulations, the configuration of bodies are different. With the collision model
depending on the relative velocities, the particles have fulfilled the bottom of the compu-
tational domain whereas with the constant model we observe three layers of particles not
completely filled.

The same simulation for rigid disks having the same area has been carried out. The
results are presented on Figure 5.28. We only colored six particles to better track their
motions, we can see that at time ¢ = 0.03 the models provide exactly the same results,
then at time t = 0.08, we observe a slight delay between the two simulations for the
orange and light blue particles. This slight delay is sufficient to change all the particles
trajectories. However, a collective motion of the big green particle and the smaller red
disks is observed for both simulations. Moreover, globally the motion of the bodies is
similar with the two models, the bodies are carried by the fluid, we observe the same
process of kissing, tumbling of particles. At the end of simulations, the final configuration
is different, here again with the model depending on the relative velocities, the particles
have completely fulfilled the domain. The model using the relative velocities allow the
particle to be close, meaning that the repulsive constant coefficient may not be well
calibrated.
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)t =0.09 )t=0.11 )t=0.15

)t =0.17 ) t=0.22 )t =0.23 )t=10.25

) t=0.35 )t=3.18

Figure 5.24: Simulation of 30 square rigid bodies of different size falling under gravity. The
intensity of the force depends on the relative velocities of the closest particles.
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= )t =0.09 )t=0.11 )t=0.15

)t=0.17 ) t=0.22 ) t=0.23 )t=0.25

)t=0.35 ) t=3.18

Figure 5.25: Simulation of 30 square rigid bodies of different size falling under gravity. The
intensity of the force is constant £ = 100.
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L1
(d)t=0.25 . (f) t =3.18

Figure 5.26: Simulation of 30 square rigid bodies of different size falling under gravity. The
intensity of the force depends on the relative velocities of the closest particles. The background
colors represents the vorticity field intensity.

(d) t=0.25

Figure 5.27: Simulation of 30 square rigid bodies of different size falling under gravity. The
intensity of the force is constant. The background colors represents the vorticity field intensity.
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Figure 5.28: Simulations of 30 rigid bodies of different radii (R = 0.05 or R = 0.025) falling
under gravity. The top simulation has been achieved using a constant intensity of the force
whereas for the bottom one it depends on relative velocities.
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5.6 Dense suspensions of rigid bodies in 2D and 3D

In this part, we present some results of dense suspensions of rigid bodies evolving in
a fluid which was performed using our numerical model. The first simulations deal with
the sedimentation of 400 rigid bodies of radius R = 0.01 in the two dimensional case.
The simulations are performed on a grid of size (512 x 512) and the half thickness of the
interface is ¢ = 1.5Ax. The white line shows the real numerical size of the particles cor-
responding to the isoline ¢ = . The coefficient of gravity g is set to —980, the associated
repulsive coefficients are —g/10. The 400 bodies fall down symmetrically to reach a dense
repartition at the bottom as can be seen in the Figure 5.29.

The second simulation addresses the 3D case. Figures 5.30 and 5.31 show the simu-
lation of 500 rigid spheres of radius R = 0.01 falling under gravity for two different grids
of size 643 and 128%. The half thickness of the interface is ¢ = 2Ax. The coefficient of
gravity g is set to -980. At initial step, there are five slices of 100 bodies at a distance
d = 0.1 (distance of two closest bodies’ centers). Consequently, on the coarser mesh there
is only one full mesh cell between the two numerical slices. Indeed, the numerical radius
is R+ ¢ =~ 0.041 and so the repulsive forces are active, whereas on the finer mesh there
are on average 6 mesh cells between the two numerical slices as R 4+ ¢ ~ 0.026. In that
case the repulsive forces are negligible. The interactions between bodies occur at once on
the coarse mesh while they start after ¢ = 1.5 on the fine mesh. As a consequence, the
equilibrium state is reached much faster on the fine grid, around ¢ = 2.5 instead of t = 9.4
for the coarse resolution.

The last simulation deals with the dynamics of 90 rigid disks suspended in a shear flow.
The intensity of the short-range repulsive force is proportional to the relative velocities
between the closest bodies. The computational domain €2 is a rectangular domain of size
[0,2] x [0, 1], the grid resolution is (512 x 256), the regularization parameter £ = 1.5A, ~
5.9.1073. Figure shows the obtained results at different time, the disk are colored according
to the values of the label map Lg and the background color corresponds the magnitude of
the velocity. Until time ¢ = 0.25, the rigid bodies moves horizontally through the canal.
Then, we observe a convective motion, the solids are carried by the fluid and rotates in
the domain. Thanks to the collision model, the numerical contacts between particles are
avoided. This test case confirms the ability of the proposed collision model to handle
collisions only by using the relative velocities of the closest cells.
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(d) t = 2.25 (e) t=3.0 (f) t=6.9

Figure 5.29: Simulation of 400 rigid disks submitted to gravity (the white line corresponds to
the level line ¢ = ¢). The background colors show the level set amplitude.
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Figure 5.30: Simulation of 500 rigid spheres subject to gravity (grid resolution size 643). The
colors indicate the values of the label map Ly from dark blue for the first body to dark orange
for the 500" body and red for the fluid that is the 501" object.

Figure 5.31: Simulation of 500 rigid spheres subject to gravity (grid resolution size 1283). The
colors indicate the values of the label map Ly from dark blue for the first body to dark orange
for the 500" body and red for the fluid that is the 501** object.
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Figure 5.32: Rigid spheres suspended in a shear flow. The rigid disks are colored with the values
of the label map Lg and the background colors indicates the magnitude of the velocity.

() t=3.75
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CONCLUSION

The application performed in this chapter illustrated the capability and efficiency
of the present method to handle numerical contacts between structures at low reso-
lution. A penalization model formulated according to the label maps and distance
functions is proposed. This model is compared to the penalization model used in [31]
in a velocity and pressure formulation. The numerical results confirmed the proposi-
tion 1 presented in Chapter 3, the error estimation between the two collision models
depend on the size and the number of particles. Moreover, compared to this model
which is totally dependent on the number of bodies, the proposed penalization model
substancially reduces the CPU time. We also made a comparison between the influ-
ence of the proposed collision model and the contact algorithm proposed by B.Maury.
During numerical calculations, our model allows to maintain symmetry for a longer
time than with the contact algorithm. However, contrary to this contact algorithm,
the proposed method does not allow to reproduce particle clustering. A comparison
of simulations performed either with a collision model dependent on relative veloci-
ties or having a prescribed intensity is carried out. Due to instabilities, the dynamic
of the particles is different, we observed however a similar global motion for both
models. Moreover, the model depending on the relative velocities seems to provide
a more realistic final configuration of bodies as all the bottom domain is fulfilled by
the particles.
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Chapter 6

Numerical simulation of the dynamics
of a suspension of vesicles
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The purpose of this chapter is to validate the proposed model which includes a short-
range repulsive force in the case of deformable bodies. An application to immersed vesicles
suspensions is proposed. We first introduce the properties of blood flow, red blood cells
and vesicles as well as an overview of existing numerical methods to simulate vesicles
suspensions. Then, the Eulerian fluid/elastic membrane coupling model introduced in
[32] is described. Finally, we describe the model used for the simulations, and a validation
of the model in the case of multiple vesicles under various flow are presented.

6.1 Vesicles simulations

6.1.1 Context

The mechanism of blood flow in micro capillaries is still not fully understood because
of its complex behaviour. Indeed, its main components are a fluid called plasma and
different cells, each of them having different mechanical properties. More precisely, blood
is composed of:

1. Plasma: Blood contains 54.3% of plasma which consists of 90% of water, 8% of
proteins and 2% of organic and inorganic salts.

2. Red blood cells: These cells are the main cellular components of blood. Indeed,
45% of red blood cells are present in blood, their mission is to transport oxygen via
hemoglobin components into the whole body.

3. White blood cells and cellular platelets represents 2% of the composition of blood.
The white blood cells play a role in the immune system, while the cellular platelets
control the blood cotting.
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The average density of blood is close to the density of water, it is around 1060kg/m3.
From experiments, to theory and numerical simulations, large researchs have been devoted
to the study of the behavior of blood flow in blood vessels.

In 1931, Fahraecus and Lindqvist observed a dependence of blood viscosity on the size
of capillaries, it has been shown that the blood viscosity decreases when blood flows
through capillaries of decreasing diameters. This phenomenon also known as the Fahraeus-
Lindqvist effect has been confirmed and explained later in [10; 102; 185|. It has been
observed that the red blood cells moving in small capillaries concentrate at the center of
the capillaries, thus along the capillary walls only the plasma is present. The effect of a
lubricating fluid layer along the capillary walls leads to a decrease of the global resistance
of the flow and thus of the viscosity.

Consequently, the viscosity, the velocity of the blood flow in a vessel is highly influenced
by the mechanical properties of the cells contained in plasma, the interaction between
cells and the interaction of cells with the vessel walls. The red blood cells constitute 99%
of the cells present in blood. Thus, the dynamic behaviour of blood flow is largely affected
by the properties of red blood cells. In particular, the non Newtonian behavior of blood
flow is mainly due to aggregation of RBCs.

Red blood cells

Contrary to other living cells which have nucleus and organelles, red blood cells have
the particularity to only contain a fluid called the hemoglobin and a cytoskeleton. This
particularity made them highly deformable allowing them to deform and pass through
micro capillaries. Their shape is a biconcave-disk of diameter close to 7.8um with a thick-
ness of 2.5um .

The membrane of RBC consists of a bi-layer of phospholipids with one layer composed
of hydrophilic head groups and the other of hydrophobic head groups and an elastic
cytoskeleton is fixed on the membrane. The physical properties of the RBC are: a fluid
membrane, a fixed surface area and a fixed cytoplasm volume [155]. Moreover, its shape is
controlled by a bending energy and the deformation of the cytoskeleton induces an elastic
force.

Figure 6.1: Shape of red blood cells.
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Vesicles

In aqueous solutions, lipids molecules can form bilayer preventing contacts between
hydrophobic groups of molecules and water. When these lipids bilayers formed a closed
membrane, they are called vesicles.

Like RBC, the membrane of a vesicle is composed of phospholipids bilayer formed by one
layer of hydrophilic head groups and a second layer composed of hydrophobic head groups
like illustrated in Figure 6.2. The bilayer size is around 4nm thick whereas the size of the
vesicle is around 10um.

The physical properties of their membrane are similar to the membrane of red blood cells:
the membrane is fluid, inextensible, opposes the bending and is impermeable so that the
volume of fluid enclosed in the vesicle is conserved. The only difference comes from the
elasticity due to the cytoskeleton fixed on the RBC membrane. Nevertheless, this is a
very desirable model to understand the mechanical behaviour of living cells, in particular
in dimension two as due to the membrane inextensibility the elastic force coming from
the cytoskeleton is negligible.

Hydrophilic
________ head
Phospholipid Hydrophobic
bilayer
membrane

Figure 6.2: Phospholipidic vesicle.

6.1.2 Vesicle simulation

The physical properties of vesicles involves to deal with two fluids and at the same time

impose the inextensibility constraint of the membrane, the resistance of the membrane to
bending and the conservation of the internal fluid volume.
The fluid enclosed by the vesicle and the external fluid can have different material prop-
erties, such as a different viscosity and density. The two fluids are governed by the
incompressible Navier-Stokes equations. In micro-capillaries, as the Reynolds number is
small (around 107*), the incompressible Stokes equations are often used.

The dynamic of vesicles have been studied both experimentally [1; 22; 40; 93; 114; 164]
and theoretically [97]. Later, the deformation of the membrane has been taken into ac-
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count experimentally in [40]. Since then, experiments [1; 22; 40; 93; 114; 164; 183] have
become more and more quantitative. A transition from tumbling to tank-tread like motion
has been observed depending on the increase of the viscosity ratio between the external
fluid flow and the fluid enclosed by the vesicle membrane[92; 94].

Numerous mathematical models and computational techniques have been used to sim-
ulate vesicles in fluid flow. Most of vesicle simulations are derived from molecular dynam-
ics models [119] and continuum models. The continuum models are based on the Helfrich

energy [21; 76| provided by:
B =2 / k2 (6.1)
2 Jr,

where £ is the mean curvature of the surface and « is the bending modulus of the vesicle
and I'y is the vesicle boundary.

Among the numerous numerical methods derived from the continuum approach, the
Boundary Integral methods, the Immersed boundary method and Eulerian approachs such
as level set and phase field approach are the most popular.

Boundary integral method

The Boundary Integral Method is one of the most popular method for vesicle simu-
lation. This technique has been first used to study the behavior of capsules and drops
[110; 144; 145; 148; 197]. In [146], Posrikidis applied this approach to simulate an inex-
tensible vesicle suspended in a viscous fluid.

This technique consists in coupling the green tensor of the Stokes equations and the elastic
forces on the membrane. The inextensibility of the membrane is imposed either by means
of the tension force with a high value energy or by using a Lagrangian multiplier. The
bending force is derived from the Helfrich energy. A common expression of the elastic
energy of the membrane which takes into account bending and membrane tension is:
2
E(k,vy) = % + (6.2)
I

where v is the membrane tension, « its bending modulus and & its mean curvature. To
evolve the vesicle, the velocity has to be computed on each point of the interface, which
itself depends on an integral of all the other points of the interface. Indeed, the velocity
at a point x depends on the integral of the green tensor of the Stokes equations G on the
vesicle boundary, that is :

U(r) =Usx(z)+ | G(s—2x)feds
I
where f. is the total force derived from the elastic energy E and U, is the imposed
velocity. Thus, the complexity of this algorithm is M? where M is the number of marker
points on the membrane. However, thanks to the integral equation formulation, this
method is still efficient as only the membrane is discretized. To lower the complexity, the

Fast Multipole Method can be used and allows to reduce the computational complexity
to M log(M).

In [178; 179], this method is used for the simulation of a dense suspension of vesicles,
the associate computational complexity is N M log(M) where N represents the number of
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vesicles. Numerous 2D simulations are explored including the simulation of 256 vesicles
suspended in a Poiseuille flow, the algorithm is very efficient, as for 64 points on each
vesicle membrane, the computational cost represents only 4s per time step. Different
numerical experiments of a suspension of vesicles in shear flow are also explored.
An extension to the three dimensional case has been achieved in [179; 195; 196].

An other extension of the method has been introduced in [91; 147]. Efficient and stable
algorithms for simulating accurately two-dimensional vesicle suspensions at low resolution
are proposed. These algorithms include adaptive time stepping, reparametrization of the
membrane, a correction of vesicles’ area and lenght is used to enforce the inextensibility
of the membrane and volume conservation. Moreover, to handle numerical contacts be-
tween vesicles, a collision detection algorithm is performed with spectral accuracy and a
repulsion force is implemented to keep a minimal distance between vesicles. The repulsive
force is inspired from collision model from contact mechanics. The model is in a polyno-
mial form and is developed for converging vesicles with low velocities. The parameters
of the repulsive force are calibrated by comparing its effect on a low resolution compared
to high resolution simulation for which the lubrication forces are correctly captured. Dif-
ferent bench are presented and show the efficiency of the method to deal with multiple
vesicles.

The Boundary integral approach has been extensively used for the simulation of vesi-
cles like in [95] where two and three dimension numerical experiments of vesicles suspended
in Poiseuille flow are presented. In [62], the study of a vesicle suspensed in a curve flow
revealed that the vesicle tends to migrate to the regions of high shear rate. In [63], the
behavior of a vesicle suspended in a shear flow is studied. The main drawback of this
method is its limitation to Stokes fluid flow.

Immersed Boundary method

The immersed boundary method uses an Eulerian description for the velocity and the
incompressibility of the system and a Lagrangian one for the membrane configuration
including the location of the membrane and the stretching. The immersed boundary
model for vesicles is based on an energy which depends on the mean curvature H, the
bending modulus «, the coefficient of membrane tension v and the pressure 6 between
the inner and outer fluids. This energy is expressed as:

E:/Fl(2aH2+7)+9/Fldx (6.3)

The interactions between the fluids and the membrane is taken into account by the
Willmore function:

W = Ar, H +2H(H? — a)

where Ar, is the surface laplacian at the interface I';. The total force exerted on the
membrane is then given by:

F=W+2yHn+ Vr,v+6n
where n is the normal to the interface pointing outside and Vr, the surface gradient. The
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immersed boundary model is then:

(p(OU + (U - V)U) — uAU +Vp = f in Q
fa,t) = [iF F(s,)d(z — X(s,1))ds in O (6.4)
\% = u(X(s,t),t) = [qu(z,t)d(x — X(s,t))ds inQ

The first application to vesicle of the immersed boundary approach has been per-
formed in [194] to study the behavior of vesicles in a shear flow and a Poiseuille flow.
A Lattice Boltzmman method is employed to solve the flow field over the Eulerian grid,
results obtained are in a good agreement with the experiments, in particular the Fahraeus
Lindviquist effect is reproduced.

In [101], an IBM method is developed, the inextensibility constraint is imposed by means
of a penalty immersed boundary method (pIB). The principle of the pIB technique is
to use two Lagrangian immersed boundaries to represent the vesicle membrane. One is
massless and interacts directly with the fluid flow. The second boundary is massive and
its motion is based on the vesicle dynamics including the inextensibility constraint. The
connection between the two boundaries is achieved by applying penalty forces on both
boundaries. Numerical simulations of 56 vesicles suspended in a shear flow are performed,
the computational time is almost independent on the number of vesicles, the computa-
tional complexity is similar to the Boundary Integral Method that is N M log(M) where
N is the number of vesicles. To avoid numerical contacts between vesicles fine grids are
used. The addition of a vesicle in a domain almost filled with vesicles requires to refine
the mesh grid.

In [59], the deformation and motion of red blood cells and vesicles passing through a
micro-channel is investigated.

Phase field approach

The first application of the phase field approach for vesicle and membrane has been
introduced in [7-9]. The description of the membrane is achieved by means of a scalar
function which assumes a constant value in each region (for instance —1 in the fluid and
1 in the structure) and varies continuously from these two values across a thin boundary
layer of thickness €. This function namely the phase field, derived from a physical model,
provides an energy of the form:

Bi) =5 [ 1V@F (©5)

where : ]
£(8) = —eBo+ (¢~ 1)6

and ¢ is the thickness of the transition region between —1 and 1. Up to a constant multiple,
this energy tends to the bending energy 6.1 when ¢ tends to zero. The difference between
the inner fluid volume and the outside volume fluid is provided by:

A() = / o) dz (6.6)
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and an approximation of the area is shown to be:
€ 1

BO) = [ 5IV0P+ (6~ 1Pda (67
Q £

Thus, the problem reduces to find a phase field ¢ which minimizes the energy 6.5 with
the constraints of fixed values « for A and g for B. Using a penalty method with penalty
coeflicients M; and Ms, the problem becomes a minimization of :

E(¢) = Ey(¢) + —(A(¢) —7)* + —~(B(¢) - B)* (6.8)
The gradient of this energy is then added to multi-fluid flows Navier-Stokes equations.
An extension to dimension three is proposed in [7].

Level set approach

In [32], Cottet et Maitre proposed an application of the level set method to vesicles
simulation. They demonstrate that the stretching of the membrane can be explicitly
computed using the level set field . An elastic force is derived to impose the surface in-
compressibility. This force is explicited in the Navier-Stokes equations, which is coupled
to the advection equation of the level set function which captures the vesicle interface.
In [129], T. Milcent completes this model by adding a curvature force to model to the
resistance of the membrane to bending. The final model consists in the multi-fluid flow
Navier Stokes equations supplemented by two forces which depends on the level set func-
tion, and combined to a transport equation of the level set function ¢ by the fluid velocity
field. The validation of the model in dimension two and three has been achieved through
the simulation of a vesicle suspended in a shear flow.

An other level strategy has been proposed in [153]. Both the level set function and
its gradient are advected by the fluid velocity and a four-step projection method is de-
veloped to enforce the volume conservation and the membrane inextensibility. Numerical
experiments of dense suspension of vesicles under various flow conditions are explored.
The similarities of the phase field approach and the level set method for the simulation
of vesicle have been investigated in [116] where the two models are compared.

6.2 Vesicle model in a level set framework

This section is devoted to the description of the model used for the numerical simu-
lation of multiple vesicles evolving in a viscous fluid flow. In a first place, we recall the
Eulerian model introduced in [32; 33] in the case of one immersed vesicle. To model the
inextensibility of the membrane and its opposition to bending, two forces are exerted on
the membrane and depend on a level set function which captures the vesicle boundary.
Then, the combination of this model and the proposed capturing method is presented as
well as its numerical resolution. The following notations are used:

e 1: the normal
e H: the mean curvature

e «: the bending modulus
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e \: the rigidity of the membrane
e V,: the surfacic gradient

e A,: the surfacic laplacian

6.2.1 Case of one immersed vesicle

The computational domain Q € R? d = 2 is decomposed as Q = Qy, U Qy where
Q Ny 1s the fluid subdomain and €2; is the region occupied by the vesicle and I'y denotes
its boundary. The vesicle boundary is captured by a level set function ¢;. The fluid
enclosed by the vesicle and the outer fluid are governed by the incompressible Navier-
Stokes equations.

Elastic force

A strong elastic force F, is introduced in order to impose the inextensibility of the
membrane. This force derives from an elastic energy which depends on the variation of
surface area of the membrane and on a parameter that provides the intensity of the force
required in order to stretch the membrane.

In the level set context, it has been shown in [32; 33; 129] that in the case of incompressible
fluid, the level set function records the stretching. Indeed, at each time ¢, the variation
[Vor(-, 1)
defined from the local area variation thus, assuming that the initial level-set function is
a signed distance function (i.e. with modulus of gradient equal to one), one can consider
an elastic energy F, depending on |V¢;| defined as:

of the surface area is proportional to A part of the membrane elasticity is

B, - / B(V11)1¢(2)da (6.9)

The function E is a constitutive law for the membrane such as F(1) = 0 meaning that
there is no initial stretching. A model usually used for vesicles is :

E.(r) = A(r —1)? (6.10)

with A >> 1. By differentiating this energy and using the advection equation of the level
set function, it has been proved in [32| that the elastic force is:

F={VE o)~ aiv (B0vaD T8 ) T vl (2) o)

Denoting by e; = |V¢1| the stretching and using a renormalization procedure, this
force can be reformulated as:

3

F. = (V(E () - V- (B'(e)n(61) n(é1)) <(¢1) (6.12)

An advantage of this reformulation is that it reduces the degree of derivation of ¢ in the
elastic force by one.

142



CHAPTER 6. NUMERICAL SIMULATION OF THE DYNAMICS OF A
SUSPENSION OF VESICLES

Bending force

Using the level set function, the bending energy [21; 76] is expressed as:

1
.= [ Gz Vel (6.13)
where G is provided by:
G(r) = %7’2

The expression of the curvature force F,. can be deduced by differentiation [115]:

VI R S , o
Fo= ¥+ (=GUH(6)) T8 + o Bieas (V (VoG (1)) wlc(g)(m

where
Pogr =1a— n(¢1) @ n(p1)

is the orthogonal projector operator. As the averaged curvature H is given by:

Vo
[Vl

the fourth order derivatives of the level set function are required to compute the bending
force.

H(¢1):V'(

)

p=c
/
o=0
B

Figure 6.3: Stretching |V¢|.

Transport of the level set function and the stretching

To evolve the vesicle, the level set function is transported by the fluid velocity U:

{atcm +U-Vé, =0 (6.15)

¢1('70) = qbcl)

As noticed before, the stretching of the membrane is recorded in the term |V¢;|. The-
oretically, the elastic force, due to the high coefficient A\ maintains the value |V¢;| close
to one. However, during numerical calculations the gradient of the level set function can
take high values far from the membrane location resulting in an accumulation of errors
for the transport of the level set function. In this scenario, it is more convenient to solve
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an equation on the stretching e; = |V¢;| using the transport equation on the level set
function ¢;:

o) =V (019
As the stretching |V¢;| can take large values, a procedure proposed by V. Doyeux [45]
is to reinitalize the stretching far enough from the interface, and to keep the right values
of the stretching e in a vicinity of the membrane to compute correctly the elastic force.
Denoting by e, and e, the values of the stretching before and after reinitialization, the
value of the stretching e is then provided by:

e= e, (Ho(p1+ €2) — (Ho(d1 — €2)) + €4

{atel +U-Ver = —ei(n(¢1) @n(p1)): DU)))

The parameter ¢, is fixed to a higher value than the interface thickness . Using this
procedure, the information on the stretching on the membrane is recorded, and as the
stretching e is close to one, this procedure does not induces larges discontinuities on e.

Complete model

The fluid-structure interaction system hence reduces to the incompressible Navier-
Stokes equations with source terms (elastic, curvature forces) combined with a scalar
transport equation of the level set function ¢; and the stretching e;.

Find (U, P, ¢) solution of :

P(B)OU + (U - V)U) — div(u(@)D(U)) + VP = F.(6) + Fu(6) in Q= Q x (0,T)

divU =0 in Qr =Qx(0,7)
0p+U-Vop=0 in Qr =Qx(0,7)
oe +U - Ve = —e(n(¢) @n(¢)) : D(U) in Qp

(6.17)

The density and viscosity functions are provided by:

p(h1) = g + (py — pa)He(b1), p(P1) = pr + (py — p1) He(b1)

where p1; and p; denotes the viscosity and density of the fluid enclosed by the vesicle.

6.2.2 Case of multiple vesicles

We consider here the case of N vesicles immersed in an incompressible fluid flow.
The computational domain Q € R? d = 2 is hence decomposed as

N
Q=QyU <U Q)
=1

where (v, is the fluid subdomain and (2; is the region occupied by the ith vesicle and I';
denotes its boundary. Each vesicle boundary I'; encloses an incompressible fluid flow of
viscosity p; and density p; governed by the incompressible Navier-Stokes equations as the
surrounded fluid 2y,

For the simulation of multiple vesicles immersed in a fluid, with repulsion forces, one
can uses IV level set functions to capture the IV interfaces, and N elastic forces, N bending
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forces have to be computed inducing a substantial computational cost. These level set
functions are then transported by the fluid velocity in order to evolve the vesicles.
Instead of doing this, we propose to use the proposed capturing method. A level set
function ¢ captures the union of all interfaces and is defined as a signed distance function
in a vicinity of the vesicles interfaces. We introduce a function e = |V¢| which takes into
account the stretching of each membrane.

According to the level set function, the stretching and the /N reconstituted level set fields
which are defined using the label maps, only one elastic and bending force is computed
for the whole set of vesicles. To handle numerical contacts between vesicles, the short-
range repulsive force depending on the relative velocities is added to the equations, this is
combined with two transport equations: the advection of the level set function ¢ by the
fluid velocity and the transport equation of the stretching e.

Computation of the elastic and bending forces

In the context of multiple vesicles, the use of one level set function to capture the
union of all interfaces requires to maintain a sufficiently large minimal distance between
the vesicles in order to compute correctly the high order derivatives of the level set func-
tion which appear in the elastic and bending forces. Indeed, at each point x contained in
a regularized interface I';, the stencil used to compute the derivatives has to be included
in the subdomain which corresponds to Lo; = 4, so that the value ¢(x) is the distance
from z to I';.

To reduce the number of grid points required in the narrow-gap between two interfaces,
the high derivatives of the level set function can be computed by means of the recon-
structed level set functions. By doing this, the stencil required to compute a geometrical
property at a point z belonging to an interface I'; is prolongated to the regions where
Ly =1.

Numerically, this procedure does not depend on the number of vesicles as one can intro-
duce a function F' which indicates if a point y is associated to the right boundary:

Vi € QY € Q, Flay) = Lo,1(y) %f Loi(x) = Loa(y)

Ly(y)  if Loa(z) = La(y)
For instance, to compute the partial derivative 0,,¢ at a grid point x = (i, j), if we denote
by 1 = (i +1,7) and xo = (i — 1, j) its neighbours, using a centered scheme, instead of
computing :
¢(z1) — 2¢(2) + ¢(22)

(6.18)

we set:

¢F(a;,ac1) ('Tl) - 2¢F(ax,x) ($) + (bF(a:,acg) ('TQ)
2 .

where ¢p 0 (r) = ¢(2), if F(x,21) = Loy (z) and F(x, x2) = Lo, (), we compute exactly
(6.18). This procedure is used in order to compute the curvature and other derivatives of
order higher than two of the level set function ¢. Finally, the elastic and bending forces
depend on the reconstituted level set functions, the stretching e and the level set function
¢, we denote by ¢ these functions which will use either the label map Lo(z) or Lo ()
depending on the location of z.
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_ / e o . / e\n ¢
Fo=(V(E'(e)) = V- (E'(e)n(¢r)) n(or)) ¢( \Vcbl) (6.19)
and the bending force is computed as:
= l K V¢F 1 n ! K ?
Fo= 0 (~Gle(0r)) g + 1 Peas (7 (90rlG(slon) ) [Vrc (2. (6:20)

where
Pgyr =1z — n(p) @ n(e)

is the orthogonal projector operator.

Collision model

The short-range repulsive force introduced in Chapter 3 is used here, to avoid numerical
contacts between vesicles. Moreover, to compute accurately the curvature and elastic
forces on the membranes, a minimal distance has to be maintained between the membranes
which corresponds to the interfaces I'; of thickness . We hence fix the activation distance
of the repulsive force ¢, to 2¢. The intensity of the short-range repulsive force is computed
according to the relative velocities between closest vesicles just before collision. Each
vesicle velocity is computed by averaging the fluid velocity on each membrane I'{, so that
setting:

Veet Tuol= [ d= [ 200n0E)0E (6.21)

Lg,1 (=)

we obtain the following average velocity over the membrane boundary:
Vo € €,

Uy (Lo (z)) = 1 U(2)dz = /Q é(a(gbLo’l(z)(z))U(z)dz (6.22)

’]‘—‘LO,l‘ FLO,I(“C)

then, at all points = € I'5,i = (1, .., V) where the label map Ls(z) is defined, the intensity
of the force is computed as:

Kiy(2),201(x) = |(Ua(L2(z)) — Ua(Loa(2))) - Vipa(z)]

where U,(La(x)) denotes the averaged velocity associated to the vesicle ), (., this term
provides the averaged velocity of the second closest vesicle to . Then, at each point z
where Q) and §2p,(,) are at a distance g, this value is fixed. Finally, the short range
repulsive force is computed as:

0utL5) = Uelos): Dol 1 (07 TE) o (- 242)

T
€ wo(x) Ep

Vo € Qu Eabel(x) =
(6.23)

The complete model

The fluid-structure interaction system hence reduces to the incompressible Navier-
Stokes equations with source terms (elastic, curvature forces) combined with a scalar
transport equation of the level set function ¢ and the stretching e.
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Find (U, P, ¢) solution of :

p() (U + (U - V)U) — div(u(¢)D(U)) + VP = F, + Fo + Fapa  in Qp = Q x (0,7)

divu =0 in Qr =Qx(0,7)
Op+U-Vo=0 in Qr =Qx(0,7)
Oe + U - Ve = —e(n(¢p) @n(¢p)) : D(U) in Qp

(6.24)

Denoting by pr,,(») the density of the vesicle Q) we obtain the following density
function:

Pz = pf(l - XLo,l(I)) + XLoji(x)PLoq(x)y Mz = pf(l - XLo,l(I)) + XLoj(x)MLo(x)

This model involved several parameters, in order to achieve numerical simulations, it
is most convenient to introduce dimensionless parameters. For this purpose, we introduce
reference values. Let L,, U,, p. and pu, denote the characteristic lenght, velocity, density
and viscosity scales. Considering the following characteristic quantities :

(
x=Lxa', y=1Ly, z=L2

U, L
—UU, P=p—LP, t==¢
U=U.U P i

=, p=pp, €=1L¢
\Cb = LT¢/7 Y1 = Lrgplla Y2 = LTSD/Q

Differentiating (and dropping ’), we obtain the following dimensionless system:

( 1

PN + (U VIV) = 1 div(O)D(U)) + VP = - Ful) + 31 Fo(0) + Far i
{ divU =0 in
8+ U -V =0 in
| Oie + U - Ve = —e(n(¢) @ n(¢)) : D(U) in

(6.25)
The first physical parameter involved in this simulation is the Reynolds number Re cor-
responds to the ratio between the inertial and viscous effects:

_ LT’UTp’l"
[y

Re

The Weissenberg number W, represents the ratio between the characteristic time of
the fluid and the relaxation time of the membrane submitted to the elastic force, it is
provided by :

U
D)

The third physical parameter W. is the capillary number associated to the bending

force which measures the magnitude of the bending force over the hydrodynamic forces:

We

. ,UTUTL%
N (6]

We

The last dimensionless numbers involved in this simulation are the viscosity and den-
sity ratio between the fluids contained in the vesicles and the outer fluid Qy,.
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For the numerical simulations, we take as reference the outer fluid’s data: p, = ps
and p, = py. Moreover, if one takes as characteristic lenght, the lenght of a capillary, one
obtains:

pr = 1000, p, =107, L, =107°

The reference density and viscosity chosen corresponds to the material properties of
water, as plasma is mainly composed of water. The obtained Reynolds number is of
order 1072, the parameter W, has to be chosen in order to impose small variation of the
stretching of the membrane.

In order to impose the rigidity of the membrane A one can look at the typical time scale of

por L

L
the bending force t, = K and the elastic force ty = —— . To ensure the inextensibility

a
of the membrane, the time scale associated to the elastic force has to be smaller than the
one which corresponds to the bending force. The ratio R between these two time scales
given by:

(0%
fe =12

r

has to take values between 1073 and 107°.

6.3 Numerical procedure

The system is discretized by a finite difference method on a staggered grid (MAC type)
with a finer resolution for the level set function as stated in Chapter 1. The fluid velocity
and pressure are discretized on the coarse grid while all the other functions (label maps,
distance functions and level set functions) are located on the finer grid. To compute the
fluid velocity a Projection method is used, the diffusion term are treated implicitly and
an explicit scheme is used for the forces and the convective term.

6.3.1 Stability conditions

The advection equation of the level set function is treated explicitly and to ensure the
stability of the scheme, we impose the stability condition CFL:
Ax
At < —
U]
The explicit treatment of the elastic/coupling induces stability conditions. The Brack-

bill condition provided in [15] gives a stability condition in the case of perfect fluids
separated by an interface with surface tension, this condition is expressed as:

We

T

N

At <

(Ax) (6.26)

This condition does not take into account the viscosity of the fluid, moreover in the
case of small W, the time step has to be very small. In the case of viscous fluids, others
stability conditions have been found, in [60] the stability condition is provided by:

We
R

At < (Az) (6.27)
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For small Reynolds number, this condition allows to use larger time step than with the
Brackbill condition. One can refer to [12] where the stability of schemes for immersed
elastic membranes have been studied.

For the curvature force, no condition exists, one can however take into account the
typical velocity induced by the bending force:

«
U, =
pr L7
These lead to the condition:
A,
At < W
Ul, Uy, —
max(|U],Ua, )

6.3.2 Algorithm

The level set function ¢ and the distance functions are updated at each time step using
the multi-label fast marching on the finer grid. The narrow-band size set for the simula-
tions are: N By, = 10h where h corresponds to the discretization space step associated to
the coarser grid (the fluid grid) and we fix a high narrow-band size for the computation
of w9 and Lo we set N By, = 10h this allows to compute correctly the bending and elastic
forces when the vesicles get closer by means of the reconstituted level set functions. In
the case of a variable density, we use a Boussinesq Approximation.

At each time step, the algorithm performed the following steps:

1. Computation of the fluid velocity U™*! using an implicit scheme and a projection
method of Chorin type according to the forces F', F', F{y

2. Interpolation of the fluid velocity U™"! on the finer grid providing U ;H

3. Advection of the level set function ¢™ with the interpolated fluid velocity in a vicinity
of the vesicles:
¢n+1 — ¢n . AtU;+1 X vgbn’

4. Transport of the stretching e with the interpolated fluid velocity:

et =" — AU - Ve — e (n(¢") @ n(¢")) : D(U;H),

5. Update of the distance function @)+ = |¢"*!|,
Update L{™ LI using ¢!
Perform the multi label fast marching method described in Chapter 3

6. Update the level set function as a signed distance function in thin narrow-bands
around the vesicles

7. Update the N reconstituted level set functions
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6.4 Numerical i1llustrations

This section is dedicated to the numerical results obtained with the proposed model.
We present some numerical simulations of multiple vesicles in several type of external
hydrodynamical flow in order to validate the proposed collision model which depends
on the relative velocities between closest vesicles. For all the simulations presented in
this section, the rebound parameter €, = 2¢. We do not present the computational cost
according to the number of vesicles as the complexity of the algorithm is similar than in
the case of rigid bodies.

6.4.1 Grid sensitivity

Figure 6.4: Poiseuille flow

A grid convergence is carried out in the case of two vesicles evolving in a Poiseuille
type flow. The computational domain is a rectangle of size [0, 2] x [0, 1].
To study the grid convergence the simulations are performed on three grid levels (Gy,
(3,G3) which contain respectively : (256 x 128), (512 x 256), (1025 x 512) cells on a
uniform mesh. The regularization parameter ¢ is fixed to Az®t where Az“ denotes the
mesh size corresponding to the coarsest grid Az®' ~ 0.0078. The three grids used to
discretize the level set functions, label maps, distance functions and the stretching are
twice finer than the three coarsest grid.

The velocity profile of the Poiseuille viscous fluid flow is parabolic as illustrated in
Figure 6.4. At initialization, the shape of the vesicles are Cassini Oval and are defined
using the implicit function:

(@ —a)? +y")((z +a)* +y°) ="

For both vesicles we set the parameters a = 0.18 and b = 0.1747, the associated reduced
area is around 0.8. Using a fast marching procedure we initialize ¢ to a signed distance
function to the interfaces defined as the minimum of the two implicit functions. The
physical parameters fixed in this study are:

R.=1.10"Y W, = 0.05, W, = 200

At initialization, the vesicles are located at the entrance section of the domain. As illus-
trated in Figure 6.5, their shape progressively change during their motion in the canal.
Figure 6.6 shows the results obtained with the three resolutions at different times. We
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can see that the deformation of the vesicles are similar for the three resolutions, we note
however that at time ¢ = 0.5 the deformation of the two finer grids are closer than the
one obtained with the coarsest grid. At the end of the simulations, the shape of the right
vesicle corresponds to the equilibrium shape of a vesicle having a reduced area around 0.8
whereas the second vesicle adopts a parachute shape. In light of these results, the grid
convergence is achieved for the coarsest grid.

(a) t = 0.0 (b) ¢t = 0.5 (€)t=1

)t=1.25

Figure 6.5: Deformation of two vesicles in a Poiseuille flow performed on the grid Gsi2 of size
(1024 x 512).

D000 DD0D DG

0300 00 000000
B0

Figure 6.6: Simulation of two vesicles in a Poiseuille flow performed on three grid levels. From
top to bottom, the associated discretization space steps are :h = 7.81 x 1073, h ~ 3.90 x 1073,
and h ~1.95 x 1073.
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6.4.2 Vesicles in a shear flow

Next, we consider four vesicles in a shear flow of strenght 100 giving a Reynolds number
of R, = 1072. The computational domain [0, 2] x [0, 1] is represented by a Cartesian grid of
size (512 % 256), the membrane thickness ¢ = 1.5h where h = 3.9.1072 is the discretization
space step. Periodic boundary conditions in the x-direction and homogeneous Dirichlet
boundary in the y direction are imposed to the fluid velocity. Short time results are
shown in Figure 6.7. We can see that the vesicles rotate collectively in the domain while
deforming, at ¢ = 0.53 the two centered vesicles have a biconcave shape, moreover the
symetry is kept.

WS 2 2

(a) t = 0.0 (b) t = 0.2 (c)t=0.3
e ~ ] N
o )

= S 5

(d) t =053 (e) t =0.7 (f) t =0.75

Figure 6.7: Deformation of four vesicles in a shear flow.

6.4.3 Sedimentation of two vesicles

We are interested here in the sedimentation of two vesicles in a viscous fluid flow.
The computational domain (2 is a square of size [0, 1] x [0, 2]. Simulations are performed
on a grid of size (256 x 256) for the velocity and the pressure (the finer grid is hence
of size (512 x 512)) and the half thickness of the interface is ¢ = 1.5Axz. The coefficient
of gravity g is set to —9.8. The density ratio between the inner and outer fluids is set to 1.5.

First, highly deformable vesicles are considered W, = 1 and the bending modulus is
very small so that the curvature forces are negligible. Results are shown on Figure 6.9.
At initialization, the level set function ¢ is defined as a signed distance function to the
interfaces of two ellipses of size a = 0.15,b = 0.1. We observe that the vesicle at the
top of the domain, progressively deform and elongate while the velocity increases whereas
the bottom vesicle at ¢ = 0.08 adopts an ellipsoidal-cap shape. At ¢t = 0.13, the two
vesicles have reached the bottom wall, the collision model is active and avoid the vesicles
from merging and being in contact with the wall, the two vesicles have a biconcave shape.
Then, their shapes progressively change, the shape of the top vesicle far away from the
second vesicle is spherical in order to maximize the area in contact with the bottom vesi-
cle. Finally, a symmetry loss leads to a tumbling of the vesicle, the two vesicles continue
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to deform until an equilibrium state is reached. The final shape of the vesicle is a typical
shape deformation induced by gravity [83].

For the second test case, we consider vesicles which are highly inextensible and a high
bending modulus, we set the following parameters:

R. =0.01, W, = 0.005, W, = 30

Results of the simulations are shown in Figure 6.8. Contrary to the first simulation, the
vesicles deflect very slightly, the obtained deformed shape are different. Different vortices
are created in the domain and in the narrow-gap between the two vesicles. Moreover,
we can see that the intensity of the repulsive force is higher as compared to the first
simulation the minimal distance kept between the two vesicles is at least twice smaller,
this is due to the bending forces. The symmetry loss leads quickly to a tumbling of the
vesicles. The final shapes are similar for the two simulations.

Figure 6.8: Simulation of two vesicles falling under gravity. The background color shows the
magnitude of the vorticity. (from blue to red).
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(a) t = 0.0 (b) ¢t = 0.08 (c) t =0.13

(d) t=0.15 (e) t =0.18 (f) t = 0.2

S av

(g) t=0.27 (h) t = 0.28 (i) t = 0.34

(j) t =0.35 (k) t = 0.37 (1) t = 0.50

Figure 6.9: Simulation of two vesicles falling under gravity. R, = 100, W, = 1, W, = 10*.
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6.4.4 Vesicles passing through a bifurcation

We consider here the case of vesicles passing through a bifurcation, the velocity has
a parabolic profile at the entrance and outlet sections.The computational domain 2 =
[0,2] x [0,1]. In the case of a bifurcation, the proposed collision model failed at avoiding
numerical contacts between vesicles and the wall. Instead, the intensity of the force
is fixed, numerically we found that a coefficient £ = 10 is sufficient to avoid contacts.
Between two vesicles, the dependence of the collision model on relative velocities is kept.
Two simulations are presented, for both simulations, we set the following parameters:

R. = 0.01, W, = 0.005, W, = 30

The first simulation represented on Figure 6.10 is performed on a grid of size (1024 x
512). The initial shape of the vesicle is an ellipse of size a = 0.1 and b = 0.4, the height
of the bifurcation is around four times smaller than the vesicle height (b = 0.8). We can
see that the vesicle progressively deforms while passing through the bifurcation. During
the deformation, the vesicle adopts different shape in order to pass through the channel.
Finally, at the end of the simulation the vesicle has a parachute shape which is a typical
shape of vesicle deformed in a Poiseuille type flow.

We also consider a test case of four vesicles passing through a rectangular bifurcation.
At initialization, the interfaces are defined using an implicit function which corresponds
to a Cassini Oval shape. The short-range repulsive force between the closest vesicles
depends on the relative velocities. The obtained results are represented on Figure 6.11,
the vesicles progressively advanced in the channel while deforming. At ¢t = 0.4, the
vesicles reached the bifurcation, then the right bottom vesicle goes up to pass through the
bifurcation. Due to the repulsive forces, the vesicles located at the top stays at the top of
the domain where the velocity magnitude is small. After passing through the bifurcation,
the deformed vesicles have a circular shape.

6.4.5 Multiple vesicles in a Poiseuille flow

Finally, to present the capability of the method to deal with a large number of vesicles,
we present a test case of 105 vesicles evolving in a Poiseuille flow. The computational
domain Q = [0,4] x [0, 2], as the size of the vesicles is small, the simulations are performed
using a fine resolution, the grid contains (2048 x 1024) cells on an uniform mesh grid. As
the level set grid is twice finer, the induced computational time of this simulation is very
high, around 50 seconds per iteration. The obtained results are represented on Figure
6.12, colors indicate the value of the label map Lg,the white lines correspond to the isolines
¢ = 0. At initialization, the region occupied by the vesicles represents around one-half of
the computational domain, the configuration of the vesicle is seven layers of 15 vesicles.
Each vesicle interface corresponds to a Cassini Oval with the parameters a = 0.076 and
b = 0.08. We observe that depending on the layer, the vesicles adopt different shapes,
these shapes are on one hand due to the pressure driven Poiseuille flow, to the elastic and
bending forces and the interactions between the vesicles. At t = 0.14, we can see that
the bottom blue left vesicle and the top red left vesicle advanced slowly than the other
vesicles and hence interacts with their neighbors, the symmetry is lost and while the cells
advances in the canal various shapes can be observed.
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oo g A

)t =0.05 ) t=0.07

(g) t=10.28 (h) ¢ = 0.30 (i) t = 0.41

Figure 6.10: Simulation of a vesicle passing through a bifurcation. The background color corre-
sponds to the magnitude of the velocity. The white contour represents the isoline ¢ = .
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(g) t =2.15 . (i) t = 3.25

Figure 6.11: Simulation of four vesicles passing through a bifurcation. The background color
corresponds to the magnitude of the velocity. The white contour represents the isoline ¢ = e.

157



CHAPTER 6. NUMERICAL SIMULATION OF THE DYNAMICS OF A

SUSPENSION OF VESICLES

(a) t =0.0 (b) t = 0.08
NN
AR Y
(c) t=0.14 (d) t=0.18
RN
]
(e) t =102 (f) t =0.24

(g) t=0.28 (h) t = 0.32
(i) t =033 () t = 0.42

Figure 6.12: Simulation of 105 vesicles in a Poiseuille flow. The colors indicate the values of the
label map Lo from dark blue for the first body to dark orange for the 105" body and red for the
fluid that is the 106" object.
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CONCLUSION

In this chapter, an application of the method to immersed deformable vesicles have
been proposed. Using the level set function ¢, the stretching e and the label maps one
elastic and bending forces are computed to impose the inextensibility of the whole
set of vesicles membranes as well as their resistance to bending. To handle numerical
contacts, the relative velocities are computed by using the averaged fluid velocity on
each vesicle membrane. Then, these obtained relative velocities provide the intensity
of the short-range repulsive forces. A convergence study in the case of two vesicles
evolving in a Poiseuille is presented. The dynamic behavior of vesicles under different
boundary conditions have been presented and confirms the capability of the proposed
method to deal with numerical contacts between vesicles at low resolution. In the
case of vesicles passing through a bifurcation, the short-range repulsive force failed
at avoiding contacts between vesicles and the wall, a constant intensity of the force
has been imposed.
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Conclusion

In this thesis, we have presented a numerical framework for the simulation of rigid and
deformable bodies moving in a fluid. A fully Eulerian formulation of the fluid-structure in-
teraction has been employed and combined to an efficient capturing method derived from
the level set approach and a model introduced for image segmentation in [11]. Within
this framework, a short-range repulsive force inspired by [31] is introduced in order to
handle numerical contacts between the structures. We then applied this method to the
simulation of rigid bodies and deformable vesicles in flow.

Chapter 1 was dedicated to an overview of the mathematical and numerical methods
chosen. We described the level set method and its advantages for the simulation to mul-
tiple rigid bodies and vesicles. We also presented the projection method of Chorin type
which we used to solve the fluid equations as well as the discretization of the fluid /structure
domain.

In Chapter 2, we presented the capturing method which consists in three label maps
and two distance functions. These five field functions allow to capture the whole set of
structures interfaces while providing the distance between closest structures at all points
of the computational domain. Moreover, the level set functions associated to each inter-
face are recovered explicitly according to these functions.

In Chapter 3, we described the numerical strategy used to avoid numerical contacts
between structures. A short-range repulsive force derived from [31] which depends on
the two distance functions is introduced. This short-range repulsive force is applied on
the surface of each structure and takes into account the interaction between closest cells.
The intensity of this force is proportional to the relative velocities between closest bodies
which are computed by means of the label maps. By considering multiple disks and a
constant intensity of the force, the impact of the proposed repulsive force and the collision
model [31] on the solution of two steady Stokes problems was investigated. We found that
the error estimation between these two Stokes model depends on the size, the number of
disks and the interface thickness of the disks where the forces are applied.

Chapter 4 was dedicated to the numerical procedure adopted to evolve the label maps
and distance functions. As the repulsive force is only applied when the particles are closed,
the evolution is only achieved in a thin-band around the bodies boundaries. A level set
function which captures the whole set of structures interfaces is advected and allows to
evolve explicity the label functions Ly and L; close to the interfaces. Then, a multi-label
fast marching algorithm is performed in the vicinity of the particles to provide ¢; and L
and update the level set function as a signed distance function. When two bodies become
close, a procedure to compute the distance between closest cells is activated.
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Finally, we presented two applications of this method.

In Chapter 5, the rigid case was investigated. To take into account the rigid bodies, a
penalization method was used and we proposed a penalization model which only depends
on the label maps and distance functions. This model is compared to the penalization
model used in [31] in a velocity and pressure formulation. The numerical results confirmed
the proposition 1 presented in Chapter 3, the error estimation between the two collision
models depend on the size and the number of particles. Moreover, compared to this model
which is totally dependent on the number of bodies, the proposed penalization model sub-
stancially reduces the CPU time. We also made a comparison between the influence of
the proposed collision model and the contact algorithm proposed by B. Maury. During
numerical calculations, compared to the contact algorithm the symmetry is kept for a
longer time with our collision model. However, on contrary to this contact algorithm, the
proposed method does not allow to reproduce particle clustering. A comparison of simu-
lations performed either with a collision model dependent on relative velocities or having
a prescribed intensity is carried out. Due to the inherent complexity of the system, the
dynamic of the particles is different, we observed however a similar global motion for both
models.

The last chapter illustrated the capability and efficiency of the method to handle
numerical contacts between deformable vesicles at low resolution. Using the level set
function ¢, the stretching e and the label maps one elastic and bending force are com-
puted to impose the inextensibility of the whole set of vesicles membranes as well as their
resistance to bending. To handle numerical contacts, the relative velocities are computed
by using the averaged fluid velocity on each vesicle membrane. Then, these obtained
relative velocities provide the intensity of the short-range repulsive forces. A convergence
study in the case of two vesicles evolving in a Poiseuille is presented. The dynamic behav-
ior of vesicles under different boundary conditions have been presented and confirms the
capability of the proposed model to deal with numerical contacts between vesicles at low
resolution. In the case of vesicles passing through a bifurcation, the short-range repulsive
force failed at avoiding contacts between vesicles and the wall, a constant intensity of the
force has hence been imposed.

This work offers many different perspectives and several improvements could be achieved.

First, even if we have lowered the computational cost of the multi-label fast marching,
this procedure remains the most time consuming procedure when dealing with a high
number of rigid bodies or vesicles, this is even worst when using finer grids to discretize
the computational domain and in the three-dimensional case.

To reduce the computational cost of this procedure a parallel implementation seems nec-
essary.

Recently, an interesting and highly efficient parallel implementation of the fast marching
method has been proposed in [189]. This technique based on domain decomposition, is
easy to implement and has similarities with the sequential narrow-band fast marching
algorithm. The main idea is to partition the computational domain into several subdo-
mains, each subdomain being mapped to one process. Each subdomain has its own heap
structure and proceeds independently. At the points shared by different subdomains, each
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process has to exchange information with all neighboring processes. And as the usual fast
marching, a grid point is visited only once so that a grid point shared by two or several
process is visited by only one of them.

In the case of several interfaces, the exchange between the processes will only occurs for
particles shared by several subdomains, and as the interfaces are only propagated on thin
band around particles, these exchanges will not be excessive. Moreover, as the multi-label
fast marching can be viewed as a local fast marching for different regions of the compu-
tational domain (between closest bodies), an adaptation of this parallel implementation
could offer a large computational saving.

An other important point which has to be improved concerns the collision model.

The proposed short-range repulsive force allows to avoid numerical contact by mimic the
behaviour of the normal component of the lubrication force. In future works, it would
be interesting to study the influence of a tangential component of this force. Moreover,
to take into account the underlying physics, a lubrication model should be included at
the grid points contained in the interstitial gap between two closest particles, as even if
the contact is avoided at this point the fluid equations at these points are not accurately
solved.
We have presented an error estimation between the present repulsive force and the colli-
sion model [31] through simplified models of steady Stokes equations in two dimensions.
In future works, it could be interesting to study problems which involve the transport
equations of the level set functions. This will be a first step to study theoretically the
influence of the two collision models on immersed structures (rigid, fluid or deformable
bodies). First simplified models consist in replacing the advection of the gravity centers
in each Stokes equations by transport equations of the level set functions as:

Qi (w,t) + (U1 - Vo) (x — §;V$i, 1) = 0,0,67 (w,) + (Uz - Vi) (2 — i V7, 1) = 0

With these advection equations, the interfaces are still evolved with the right fluid
velocity and the level set functions are at each time distance functions.

Finally, the proposed method could be used as a basis to study the behavior of vesicles
suspensions. In this work, we only presented an illustration of the method to highlight
its efficiency and ability to deal with deformable bodies in two dimension. An extension
to dimension three and most realistic simulations could be performed and compared to
experiments.
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