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Résumé

Cette these est consacrée a la modélisation, a I'analyse mathématique et a I’analyse numérique
d’un systeme d’équations aux dérivées partielles décrivant 1’évolution d’une suspension de par-
ticules neutres dans un fluide ambiant, souvent désignée sous le nom de spray. La phase
dispersée est modélisée par les équations de la théorie cinétique, tandis que la phase continue
est décrite par les équations de la mécanique des fluides. Nous nous concentrons en particulier
sur le cas des sprays dits épais.

Le Chapitre 2 est consacré au probleme de la construction de solutions pour le systéme
des sprays épais. Nous introduisons un nouveau systéme dans lequel les termes singuliers sont
régularisés et nous démontrons l'existence et 'unicité de solutions avec une régularité de type
Sobolev, localement en temps.

Le Chapitre 3 explore I'analogie entre le systéme des sprays épais et le systeme de Vlasov-
Poisson décrivant un plasma électrostatique. Nous montrons qu’en I'absence de friction, le
systeme des sprays épais présente une propriété d’amortissement linéaire de I’énergie acoustique,
analogue a l'amortissement de Landau bien connu en physique des plasmas. Cet effet est illustré
par des résultats numériques.

Le Chapitre 4 est consacré a la simulation numérique du systeme des sprays épais. Nous
proposons une approche combinant des méthodes existantes : une méthode semi-Lagrangienne
pour la phase dispersée, couplée a une méthode de type Volume Fini pour la phase continue.
Nous abordons également le probléeme de la limite de packing et introduisons deux méthodes
permettant de conserver cette limite au niveau discret. Enfin, nous présentons des résultats
numeériques.
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Summary

This thesis is dedicated to the modeling, mathematical analysis, and numerical analysis of a
partial differential equation system describing the evolution of a suspension of neutral particles
in a surrounding fluid, often referred to as a spray. The dispersed phase is modeled by the
equations of kinetic theory, while the continuous phase is described by the equations of fluid
mechanics. We focus particularly on the case of so-called thick sprays.

Chapter 2 is devoted to the problem of constructing solutions for the thick spray system.
We introduce a new system in which singular terms are regularized, and we prove the existence
and uniqueness of solutions with Sobolev regularity, locally in time.

Chapter 3 explores the analogy between the thick spray system and the Vlasov-Poisson
system describing an electrostatic plasma. We demonstrate that, in the absence of friction,
the thick spray system exhibits a property of linear damping of acoustic energy, analogous to
Landau damping, which is well known in plasma physics. This effect is illustrated by numerical
results.

Chapter 4 is dedicated to the numerical simulation of the thick spray system. We present
an approach that combines existing methods: a semi-Lagrangian method for the dispersed
phase, coupled with a finite volume method for the continuous phase. We also address the
packing limit issue and introduce two methods to preserve this packing limit at the discrete
level. Finally, we present numerical results.
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Chapter 1 : Introduction

This introductory chapter introduces the main system of partial differential equations stud-
ied in this thesis. We start by defining the concept of a spray, after which we present an
overview of the content covered in each chapter.

1.1 Introduction to spray models

This thesis is dedicated to the modelisation and to the mathematical and numerical study of
thick sprays. The term spray (or aerosol) refers to the suspension of small particles (like dust
specks or small droplets) inside a carrying fluid. This description while quite general, encom-
passes an important number of physical phenomena at different scales. This includes but is not
limited to: aerosols for medical use [24,25], combustion mechanism in engines [5], aerosols in
the atmosphere [90], or the modelling of gas giants and exoplanets in astrophysics [66].

Being fundamentally a multiphase flow, there exists a quite large variety of possible math-
ematical description of a spray [45]:

e Microscopic level. A first possibility is to consider each of the particles as dispersed
fluid bubbles, where the dynamics in the interior and in the exterior (that is, the dynamics
of the carrying fluid) of each bubble is described by a system of Navier Stokes equations.
The problem is then not only to describe the position and the velocity of the droplets,
but also to describe the free boundary of the droplets. As such, this kind of modelisation
is very costly to simulate and only a small number of particles can be considered [109].

o Macroscopic level. Another possibility is to instead consider the spray as a two-phase
fluids problem (sometimes called "Eulerian-Eulerian"), and to describe the particles and
the fluid with two coupled Euler or Navier-Stokes equations. In this approach the interface
between the two fluids has disappeared because at the scale of the fluid it is microscopic,
and the two fluids are described by their respective volume fractions. This approach is less
costly from the numerical point of view, but its numerical discretization remains a difficult
problem because such models usually contain nonconservative products. Moreover this
kind of model usually leads to ill-posedness due to of a lack of hyperbolicity [64,67,120].

In this thesis, we consider a description that lies on the interface between these two, that
is, at the mesoscopic level. While the fluid is described by macroscopic quantities governed
by fluid mechanic equations, the particles are described from a statistical point of view, where
we use the kinetic theory. Such a way of modelling a spray has been introduced by Williams
in [118], and are sometimes called "Eulerian-Lagrangian' or "gas-particles" models.

1.1.1 Kinetic theory

The purpose of the kinetic theory is the modelling of a large number of particles. It was
originally introduced by Maxwell [95] to describe the behavior of an ideal gas [31, 32,65, 115].
Instead of describing each particle with a system of ordinary differential equations, the kinetic
theory aims to give a description of the collective motion of a cloud of particles. From a
mathematical perspective, the main object of the kinetic theory is a nonnegative distribution
function f := f(t,x,v) on a phase space. Here, x is the position of the particles (living in a
space domain 2 C R?) and v € R represents their velocity. For any ¢ (on a time interval
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[0,7], T > 0 or [0, 4+ 00)) the quantity f(¢,z,v)dzdv is the number of particles in an element
volume dxdv. It should be noted that pointwise values of f are actually meaningless from a
physical point of view (it is not a measurable quantity). A physicist would be interested in
integrals of the form [ f(t,-,v)¢(v)dv. For instance, the spatial density, average velocity and
the average kinetic energy of the particles are expressed as

or(t,x) = /R3 f(tx,v)dv

orur(t,x) :/1?{3 vf(t,x,v)dv
Bk

v
E:(tx :/ — f(t,x,v)dv
ste) = | -tz v)
Hereafter, we present a hierarchy of kinetic models, increasing in complexity.

Free transport equation. The first and simplest example of kinetic equation is the free
transport equation

0f +v-Vof =0. (1.1)

This equation describes the free streaming of particles moving in a straigh line. It is a linear
transport equation and as such it can be explicitly solved by the method of characteristics. By
denoting fy the initial condition, it writes

ftxw) = fo(x —vtv).

Linear Vlasov equation. If we consider particles which are subject to an external force (e.g.
an electromagnetic field, or the forces induced by the flow of an ambient fluid), the distribution
function obeys the following equation

Of +v-Vof +V,- (Tf) =0. (1.2)

where T is an external force field which does not depend on f. Again, this equation is solved
by the characteristics method

f(txv) = fo(X(0;t,2,v),V(0;t,2,v)),

where (X, V) are solutions of the following system of ordinary differential equation

d
—X(s;t,x,v) = V(s;x,v)
%3 (1.3)
d—V(s; tx,v) =T(t,X(s;t,x,v), V(s;t,x,v)),
s
and
(X(t;tz,v), V(tit.z,v)) = (z,v).



Chapter 1 : Introduction

Boltzmann equation. In some applications, one needs to take into account the interactions
between particles.

Ohf+v-Vuf =09(f.f) (1.4)

Typically, the operator Q(f,f) represents the (binary) collision between particles. We refer for
the reader interested in such equations to Villani’s review [115].

Vlasov-Poisson equations One of the simplest nonlinear kinetic equations, and one of the
simplest models for plasmas and the dynamics of galaxies, is the Vlasov-Poisson equations [9,
77,80, 116]:

B=—V.0 15)

—A¢ = /R3 f(t,x,v)dv.

Here, there is no external force, the force acting on the particles is the self-induced electric field
I'(t,x,v) = E(t,x). This system couples a Vlasov equation with a Poisson equation. Notice
that E does not depend on v and therefore is placed outside the V, operator.

In contrast with the Boltzmann equation (1.4), this equation is time-reversible. However,
it surprisingly displays an irreversible behavior, the so-called Landau damping [81]. In his pio-
neering article [81], Landau studied the equation (1.5) linearized around a Gaussian equilibrium
for the particles, and concluded that small perturbations of the electric field must decay at an
exponential rate. We shall return to this in Chapter 3.

Vlasov-Maxwell equations The previously introduced Vlasov-Poisson equations are an
approximation of the more complete and complex Vlasov-Maxwell equations

1
8tf+v-me+(E+C'B><B>-va:O
lﬁtB +curlE =0
c

1 1
—fatE—i-curlB:f/ f(tx,v)vdv (1.6)
c ¢ Jr3

divE:/ f(t,x,v)dv
R3
divB =0

v

with ¥ = ——%—=. Despite the fact that I' depends explicitly on v, it is divergence-free in the

velocity variable V, - T' = 0 and the force can be put inside or outside the V, operator. We
recover the Vlasov-Poisson equations (1.5) when ¢ — 400 (which translates that the velocities
of the particles are negligible compared to the speed of light, v < ¢).

1.1.2 Fluid mechanics

Throughout this work, we will only consider compressible, inviscid fluids. The fluid will be
described by macroscopic quantities such as its density o(t,z) € R*, its velocity u(t,z) € R4
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and its internal energy e(t,x) € R*. The governing equations of the fluid are obtained from
the conservation principles of the mass, momentum and total energy. Without external forces,
the conservation laws lead to the so-called Euler system [68,82,85,86]

dr0+ V- (ou) =0
O(ou) + Vi(ou®@u) +V,p =0 (1.7)
Oi(oe) + V. - (veu) + pV, - u = 0.

This set of equations describes a compressible, inviscid fluid, in contrast with the Navier-Stokes
equations which take into account viscosity. The pressure p : R™ — R here is not an unknown
quantity, it is a given function obtained from thermodynamical considerations. For instance,
for a perfect gas, one has p(p,e) = (v — 1)pe where v > 1 is the adiabatic index. Another
important example is the case of a barotropic pressure law p(p) = ap” with a > 0 and v > 1.
In this case, the energy equation becomes redundant and one only needs the first two equations
to obtain a complete system.

1.1.3 Model for spray

We now turn to the main system under consideration in this thesis. We will present a thin
spray model, before turning to the main topic of this thesis, the thick spray model.

We consider only spherical, monodisperse particles, which means that they all have the same
radius r, > 0 and density p, > 0. We denote m, = %m’ppp the mass of a given particle. We
refer to [2,55,64,117] for recent works on polydisperse sprays. We also do not consider thermal
effects for the particles and the distribution function f is only dependent on time, position and
velocity, f := f(t,x,v).

In this manuscript, we adopt the classification system proposed by O’Rourke [97], which is
based on the volume fraction of the dispersed phase

My
l—altx) =— t,x,v)dv,
alt) =" [ Stz

where «(t,x) represents the fluid volume fraction. The classification is as follows:

e 1—a(t,r) < 1073: Very Thin Spray. In this case, the volume occupied by the particles
is so minimal that they do not influence the fluid dynamics. The particles’ behavior is
entirely dictated by the fluid, with no feedback on the fluid dynamics.

e 1—«a(t,x) < 1: Thin Spray. Here, the retroaction of the forces exerted by the fluid on
the particles must be considered.

e 1 —a(t,x) ~0.1: Thick Spray. In this regime, the volume occupied by the particles is
significant compared to that of the fluid, necessitating an explicit inclusion of the volume
fraction in the fluid equations.

1.1.3.1 Thin spray model

In the thin spray regime, the fluid volume fraction « is nearly equal to 1, indicating that the
total volume occupied by the particles is negligible compared to that of the fluid. Consequently,
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the volume fraction « does not explicitly appear in the governing equations. A typical model
that describes the evolution of a thin spray is often referred to as a Vlasov-Euler system (or
Vlasov-Navier-Stokes for viscous fluids) and is expressed as follows [11,12,91,92]:

Op+ V- (pu)=0
O(pu) + V.- (pu®@u)+ V,p= —/ m, fT dvde,

8t(pE)+Vz-<p<E+zp?>> Z—/m*f(l"-'u—l—cb) dv
atf+vvmf+vv(Ff)+aep(f¢)zo

p="D (p, - ’Z‘) (1.8)
m,I' = Di(u — v)

In this model, m, represents the mass of the particles, while T, and 7}, denote the tempera-
tures of the gas and particles, respectively. The first three equations of this system represent
conservation equations for the gas. The fourth equation is the Vlasov equation describing the
dynamics of the particles. The interaction between the particles and the fluid is characterized
by a drag force, along with heat exchange between the two phases. Here, I' represents the drag
force, with the drag coefficient D, determined semi-empirically. The functions P, 77, and T5
are derived from physical laws and vary according to different applications.

This system and its variants have been extensively studied from both mathematical and
numerical perspectives; see [11,12,24,25,54,91].

1.1.3.2 Thick spray model

In this section, we are interested in the thick spray regime. In this case, the volume fraction
of the particles is no longer negligible, and the quantity o appears explicitly in the system. It
typically concerns flows where the volume fraction is a ~ 0.8 or a & 0.9. In this thesis, such
models will be refered to as thick sprays or thick spray models.
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A typical thick spray model reads [23,49,52,53,97]

O(ap) + V- (apu) =0

O(avou) + V, - (apu @ u) + Vop — vAu = — / ,mLf dv
R

O(ape) + V, - (apew) + p(Ooc + V, - (au)) = /R3 <m*I‘ + ?Vﬂ)) “(v—u)dv (1.9)
P

My

04:1——/ fdv.
pp TR

This system consist of a coupling between a modified compressible Euler system and a Vlasov-
Boltzmann equation. The first equation is the conservation of the mass of the fluid. The second
equation is the balance law for the momentum of the fluid. The operator Aw is a generic el-
liptic operator(for instance Au = Awu) which models diffusion processes in the gas. Notice the
retroaction of the force applied on the particles by the gas on the right-hand-side, inducing
a transfert of momentum form the particle phase to the fluid phase. The third equation is
the balance law for the internal energy of the fluid. The integral on the right-hand-side corre-
sponds to the transfer of energy from the particles to the fluid. Finally, the fourth equation is a
Vlasov-Boltzmann equation that governs the evolution of the particle phase space distribution
f. The force field T" models the forces applied on the particles by the fluid and external forces
like gravity. The right-hand-side Q(f,f) models the interactions between the particles, such as
collisions, coalescence (two particles merging together), fragmentation (a particle dividing itself
into two or more particles). The constant x is positive real number that is sometimes refered
to as the Knudsen number. Finally, the volume fraction of the fluid «(¢,x) appears in the fluid
part of the system.

Let us detail the force field T' that couples the particle phase and the fluid phase. In the
absence of external forces, the force is usually [5,45,53,97] composed of two terms

m*]:‘ = Fdrag + Fpress-

e The drag force F 4o is due the resistance of the fluid to the motion of the particles. One
of the more common expressions for this quantity that can be found in the litterature [12,
97,104] is a nonlinear function of u(¢,x) — v that reads

1
Fdrag(taw) = §7TT]2)Q<t,ZB)Cd‘U(t,£C) - ’U’(’U;(t,w) - U)?

where Cj is an adimensionnal drag coefficient whose value is given in a semi-empirical
way. Some formulae can be found in the litterature. For instance, in the KIVA-II code
of Los Alamos [5], the formula used writes

24 1

Ci= - <1 ‘R 2/3)
T Re\ "6 °

where Re = @ is the particule Reynolds number and p is the dynamic viscosity

of the fluid. When the Reynolds number is not too large (see [36,48]), a reasonable

approximation is
24

Cdfga
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so the drag force writes
Cu

Tgpp
A common simplification (see again [36,48]) is to consider a constant viscosity, so the
drag force writes

Firag = (u —v).

Fdrag = D*('Ll, - IU)?

where D, is a given constant drag coefficient. This is the formula that we will consider
in this thesis. The drag force is a force that is common in most fluid-kinetic models and
is often the driving mechanism of the dynamics of the system.

o An additional force arising from Archimedes’ principle, specific to thick sprays within
fluid-kinetic models, appears in the force field:

Fpress - —%Vmp(ﬂ 1:)
Pp

Since the total volume occupied by the particles is no longer negligible, this force be-
comes comparable to the drag force. In two-fluid models, it is common to consider a
system where the two phases share a common pressure. This same concept underlies the
emergence of this term, and it allows to formally recover a two-fluid model from (1.9), by
considering the limit x — +o00 (see [46]).

Finally, in this thesis, we consider a force field I" that writes (in a system of units where p, = 1):
mI(t,x,v) = —m,V,p(t,x) — D,(v — u(t,x)).

The retroaction of this force is present in the momentum equation of the fluid in (1.9). In our
case, it writes

—m*/RgI‘fdv:m*pr/R3fdv+D*/Rs(v—u)fdv.

Notice that by substracting the first term of the right-hand-side from the momentum equation
yields

dy(aou) + V, - (aou ® u) + aVap — vAu = D, /Rg('v —w)f do. (1.10)

The right hand side is the retroaction of the drag force on the fluid, sometimes called the
Brinkman force.

In this manuscript, we consider several simplifications:

 First, we neglect fragmentation and coalescence in the operator Q(f,f). According to
Dukowicz [49], this implies that the particles are sufficiently far apart, allowing us to
disregard the collisions between them. Ultimately, this leads to setting x = 0. It is worth
noting that, while it seems that in numerous test cases, the presence of a collision operator
appears to have minimal impact on the macroscopic physical outputs of a numerical
simulation (as observed by Benjelloun, Desvillettes, Ghidaglia and Nielsen [17]), this
term remains important for linking the fluid-kinetic system (1.9) to the corresponding
bifluid model [46].



1.1. Introduction to spray models

o We neglect any diffusion process in the system and we set v = 0. This is a simplification
that is commonly found in the physics literature due to the industrial context in which
this kind of systems is used, such as the injection of liquid sprays into an ambient gas
(see [49,97]). For an analysis of the system (1.9) with diffusion, we refer to the work of
Ertzbischoff and Han-Kwan [53], as well as the PhD thesis of Ertzbischoff [52].

o In this work, we primarily focus on the barotropic case where the pressure depends solely
on the density of the fluid p := p(p). This implies that the equation for the internal
energy is not needed and can be discarded from the system. Specifically, we assume that
p(0) = 07, where v > 1 is the adiabatic index.

To conclude this section, let us write the final thick spray model that is used in most of this
work

O (o) + Vo - (cou) =0

O(apu) + V, - (apu @ u) + V,p(p) = —m, /R3 L'fdv
Of+v-Vof+V, - (T'f)=0 (1.11)
a=1—m, /RS fdov

m, I = —m,V,p(o) — Di(v — u).

1.1.3.3 Preliminary remarks

Like for most systems describing complex flows, we verify that fundamental conservation prop-
erties hold. First, the mass of each phase is preserved since one has

O(ap) + Vi (aou) =0, O f + V- (vf)+V,-(L'f)=0.

By multiplying the Vlasov equation by m,v and integrating with respect to v, one obtains the
momentum equations for the dispersed phase.

0, (m*/RS'vfdv>+Vx-<[RSv®vfdv> :m*[RBI‘fdv.

Then, by adding this equation to the balance equation for the momentum of the fluid, one
obtains that the total momentum is preserved

0, (agu—l—m*/ fvdv)%—vx- (agu®u+m*/ f’v®vdv> + V.p=0.
R3 R3

Multiplying by « the momentum balance law of the fluid, one obtains the balance law for the
kinetic energy of the fluid

|ul? |ul?
O | o 5 +V,- o u +au-pr:D*u-/3(v—u)fdv. (1.12)
R

Then, the balance law for the kinetic energy of the particles writes

[of* [of* _
8t<m*/Rg 5 fdv ] +V, m*/R3 5 vfdv —/Rgm*'v r'fdv
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Then, one sees that the total energy is preserved

| 2

2
O, ong+m*/ fﬁ dv | +V,- ozguE—l—m*/ fvv— dv+ozup+m*p/ fvdv | =0.
R3 "~ 2 R3 2 R3

where £ = e + % is the total energy of the fluid.

1.2 Construction of solutions

In this section we introduce the content of the Chapter 2. It is dedicated to the local in time
well-posedness for strong solutions of a modified thick spray model, where the terms specific to
thick spray are regularized by mean of a convolution with a kernel of bounded variation.

1.2.1 Mathematical difficulties for thick spray

The mathematical study of (1.9) is still in its very early stages. For instance, no local Cauchy
theory has been established for this system. In the case v > 0, meaning diffusion is reintroduced
into the fluid phase, a significant advancement in the understanding of thick spray equations
has been made by Ertzbichoff and Han-Kwan in [53], where they proved the existence and
uniqueness of local-in-time strong solutions with high Sobolev regularity. As explained in [53],
standard energy estimates seem to result in a loss of several derivatives, which make this system
a singular coupling between the kinetic phase and the fluid phase. For the case without viscos-
ity v = 0, Baranger and Desvillettes [12] conjectured that the system (1.11) might be ill-posed,
by analogy with the corresponding two-fluid model [46]. Additionally, constructing global weak
solutions for (1.11) seems to be a difficult problem. Standard frameworks [3] require that the
gradient of the pressure V,p(t) be at least in W' or in BV, which is unlikely. As a nonlinear
system of conservation law, the fluid part of (1.9) is expected to generate discontinuous solu-
tions (shock waves) in finite time. In particular, p(¢) is expected to belong at most to BV, in
the presence of shock waves in the fluid.

There seems to be a need for a system that accurately describes thick sprays while offering
improved mathematical properties. To meet this need, we propose a new system that is locally
well-posed in time and preserves key conservation properties. The main idea is to reintroduce
the radius of the particle in the system and to regularize the terms in (1.11) which are specific
to thick sprays.

1.2.2 Heuristics for a regularization of the thick spray model

Consider a single spherical particle with radius r, > 0 located at the coordinate x,. In the
surrounding gas characterized by a pressure field p. If we neglect the friction, the gas exerts a

force on the particle given by
F=- / pndzx.
Sz(m*,T‘p)

Assuming that the pressure is differentiable in the particle, one obtains using Stokes’s theorem

F = —/ V.p(zx)de = —m*/ w(x — x,)Vep(x) de = m,(w * V,p)(x,),
S3(zx,mp) R3

10
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where the convolution kernel is ]

U)(y) = E]‘L@KT(?J)'

Using the notation (-) = w % - for the convolution operator, the force is rewritten as
me I = —m,(V.p).

It seems then to be natural to replace the term V,p-V, f in the Vlasov equation by (V,p)-V, f,
and obtain

However, it seems that if we only modify this term, we lose the conservation of total momentum
and total energy. Indeed, because of this modificaiton, the total momentum equation is also
modified and one has

Oy /R3 (ozgu—l—m*/RS fvdv) d:zc:m*/R3 (Vzp/Rsfdv— (Vp) /Rsfdv) dx. (1.14)

The right hand side is a priori non zero, so the total momentum is not conserved. It appears
then that the regularisation of the pressure in the Vlasov equation requires that we also modify
some terms in the fluid equations to recover conservation of important physical quantities.

At this point, there are multiple choices that lead to the conservation of thoses quantities.

For instance, a possible choice to recover the conservation of total momentum, is to modify the
right hand side of the second equation of (1.11) and regularise the gradient of the pressure V,p
on the right hand side

O(apu) + V, - (apu @ u) + V,p = m,(V.p) /R3 fdv+ D, /Rg(v —u)fdo,

and we obtain the conservation of the total momentum. However, because we have

(Vop) [ fdv= (1= a)(V.p)

we are then not able to write the balance law like in (1.10), which implies that we lose the
relation (1.12) and we lose the total conservation of energy.

A simpler choice, that leads to the conservation of both the total momentum and the total
energy, is to regularise the volume fraction a and to writes

azl—m*/RS(f}dv.

By doing so, one recovers immediatly the relations of the Subsection 1.1.3.3. For the sake of
simplicity, this is the choice that we have made. In retrospective, it is also the choice that seems
the wisest consedering the loss of regularity of the system (1.11), which is due to the presence
of the volume fraction term in the fluid equations, and to the gradient of the pressure in the
Vlasov equation.

11
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Fig. 1.1: Shock wave passing through a particle.

The last step is to reintroduce the friction in the system, which is done without modification
as those terms do not imply any added difficulty.
In the end, we propose the following thick spray model with regularisation

Oy(@o) + V- (aou) =0

Oagu) + V. - (cou@u) + Vap = m.Vop [ (f)dv+ D, [ (0 —w)fdv

Of +v-Vof +V, (Tf) =0 (1.15)
a= 1—m*/R3<f)dv

m, L' = —m,(V.p) — Di(v — u).

We will show that the presence of this convolution, with a kernel w € BV is sufficient to obtain
the local-in-time well posedness of smooth solutions. Extension to the full Euler system is
straightforward as it does not require any modification.

1.2.3 Local in time well-posedness for an averaged thick spray model.

The main result of Chapter 2 is the local in time well-posedness for the regularized thick spray
model (1.15) in the class of Sobolev initial data.

Theorem 1.2.1. Let Q = (0,4+00) x R3, s € N such that s > 3/2+1 and 0y, Qs two open sets
of Q0 such that Q0 C Qs and 0 and Qs are relatively compact in Q. Let (00, 00ug) : R3 — Oy
satisfying oo — 1 € H*(R3) and ug € H*(R?). Let fo : R3 x R* — R, be a function in
CHR3 x R?) N H*(R? x R?) satisfying

1
< .
24 |wl| 21 Var (0)?

1 foll o

12
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with Vi (0) = sup lv|.
(z,0)eR3xR3, fo(x,v)>0
Then, one can find T' € (0,1) such that there exists a solution (o, ou, f) of the system (1.15)
belonging to €1 ([0,T] x R3,Qy) x €1([0,T] x R?® x R3,R,). Moreover, this solution is unique
and it satisfies
C<a(te) <1, tel0T], =R

The initial bound on fj, which is propagated for small time, ensures that the volume fraction
stays positive. The strategy of the proof is to follow the ideas of Baranger, Desvillettes [12]
and Mathiaud [92] and to invoke the general theory of symmetrisable hyperbolic systems of
conservation laws(see the book of Majda [87]), by treating the terms that lose derivatives in the
original system (1.9) as terms of order 0. Let us notice that the time of existence in Theorem
2.1.5 depends on the radius of the particles r, > 0 and it is not possible to use this strategy to
construct classical solutions for the original system (1.9) by taking the limit r, — 0.

1.2.3.1 Strategy of the proof.

Let us detail briefly the strategy and main steps of the proof of Theorem 2.1.5. First, it is
sufficient to only consider the system without friction. After normalizing the constants to 1, it
writes

(o) + V, - (apu) =0
Oy (aou) + V- (cou @ u) + Vyp = v$p/1{3<f> dv

a= 1—/R3<f>dv
p=plo) = 0"

The idea is then to adapt the strategy developed by Baranger and Desvillettes [12] (see also
the work of Mathiaud [92]) based on the theory of local-in-time solutions for a symmetrisable
hyperbolic system of conservation laws.

We explain now the main steps of this strategy.

The principle of the method is to combine the theory of hyperbolic symmetrisable system
of conservation laws (see for instance the book of Majda [87]) for the fluid part, and the char-
acteristics method with the control of the support of the phase space distribution f for the
Vlasov equation [102].

The first step of such strategies is to symmetrise the fluid part of the system. However,
because of the presence of the volume fraction «, The fluid part of (1.16) is not trivial to
symmetrize. The idea is to expand the derivative on the left-hand-side of the fluid part, and to
treat the terms containing derivatives of o as source term. Let us remark immediatly that such
a strategy cannot work for the original system (1.9) because of the loss of regularity mentioned
earlier. However, the convolution kernel, despite being only in BV, allows us to compensate
the lost derivatives and to construct local in time classical solutions for (1.16). We want to
emphasize that this gives a time of existence that depends of the radius of the particles r, > 0,

13
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and this does not allow us to construct solutions to (1.9) by taking the limit r, — 0 because the
bounds we obtain during the proof degenerate. We also note that using the same strategy for
the thick spray model without regularisation (1.11) will not work because of the mentionned
loss of regularity.

1.3 Analog of Landau damping in thick sprays

In this section, we present the results of Chapter 3. In 1946, Landau shocked the physics
community by predicting that collisionless electrostatic plasmas can exhibit wave damping.
Landau formally solved the linearized equations by means of Fourier and Laplace transforms,
and after a study of singularities in the complex planes, concluded that the electric field must
decay exponentially fast (see the original paper of Landau [81]. Today, Landau damping is
considered as a cornerstone of plasma physics [26,107,113]. The mathematically rigourous
theory of the linear Landau damping was pioneered by Backus [8] and Penrose [99]. It was
latter analyzed in depth by many mathematicians [40,89]. We refer to the work of Mouhot and
Villani [96] and the references therein for a review of Landau damping.

In Chapter 3, we show that the structure of the linearized thick spray model around an
homogeneous (in x) "one bump" equilibrium is reminiscent of the structure of the linearized
(around a suitable equilibrium) of the Vlasov-Poisson equations (1.5). In particular, we show
that the linearized equations exhibits an analog of Linear Landau damping. This effect will be
illustrated by numerical simulations. Nonlinear Landau damping [16,96], however, is beyond
the scope of this work and will not be addressed.

1.3.1 Linearization of thick spray equations
We explain how we linearize the thick spray model (1.11), following [27]. The first is to deter-
mine an equilibrium of the system. We start from the initial condition
Q(O,fl?) = 0o,
u(0,z) = 0, (1.17)
F0.20) = foltw) = noF (1)
Where g9 > 0, ng > 0, d, = D,/m, and F : R, — R, is a smooth strictly decreasing

function F’ < 0. The case of a Maxwellian corresponds to F'(w) = e~*. Then, a solution of the
system (1.11) writes, for t > 0

Q(t7w) = 0o,
u(t,x) =0, (1.18)
f(t,xv) = e3BingF (Ld*;v‘Q) .

We then linearize the thick spray model (1.11) around the equilibrium (1.18)

o(t,x) = oy +coi(t,x) + O(?),
u(t,x) = cuy(t,x) + O(e?),

f(txw) = fotw) + e/ fo(tw)fi(t,xv) + O(?).

14



1.3. Analog of Landau damping in thick sprays

Notice the scaling by 1/ fo(t,v), it is not necessary for the linearization, however it will be useful
after. We also introduce the linearization of the volume fraction a(t,z) = ag+caq (t,x) + O(e).
The linearization of the fluid mass equation writes

ap0i01 + 00010 + ooV - ug = 0.

It is then natural to introduce the linearized specific volume 71 = —p; /3. Then the linearization
of the fluid mass equation writes

ap000T = a9V, - Uy + O

= ayV, - uy — m0; (/ \/%ed*tfl dv)
=V, u; +m,V </ \/% d*tfl'v dv)

Where we used the linearization of the mass conservation of the dispersed phase

0, (m* /RS \/]TOed*tfl d’u) +V, - (m* /R3 \/ﬁed*tflv dv) =0.

Defining the speed of sound ¢y = {/p/(go), one has

p(o) = ploo + €01 + O(e?)) = p(o) + c01p'(00) + O(€?)

and 01p'(00) = —03cim and the linearization of the momentum equation can be written under
the form

0001 = apogcaV o1 + mid, / v foe™t fi dv — mydu, / , fodv.
R R

We now turn to the linearisation of the Vlasov equation. One has

\/ fo(t,’lf)ed*tatfl + f13t<\/ fo(tav>ed*t)+\/ fo(t, ’U)ed*t’v V. h
Vo (To/folt v i + Tufolt,0)) =0,

where Ty = —d,v and T'; = —V,.(p'(00)01) + dyu; = 032V T + d,uy. So

Ofr+v-Vafi + (y folt,v) 1(goc3v71 -V fo)
= ( fo(t,v)e™" { f10:(1/ fo - (FO\/ fo(t,'v)ed*tfl) —d,uy - vao(tﬂj)} :

One has the following formula for fj

! 2d,t 2
Vil o) = —ve (- 1) (S0 o),

which yields the identity

(Il 0)e) Y, ot ) = —vy/Fol w)e (—?) ( o ) (119

15



Chapter 1 : Introduction

One gets

/ €2d*t 2
/ 2d,t 2
=d, \/me v Uy <—];> (e 2’”' )
(o) (o R e + 9, (TRt o)

The opposite of the last term in the right-hand side is

(V fo(t,v)e™") ™ [fﬂ?t( fo(t,v)e™") +V, - (FO\/ fo(t,v)ed*tﬁ) 1

= (/1olt, v)e™) A folt, v)et) + V- (romed*t) fi
+ FO ' vvfl - i

= (holt0)e™) D Folt 0)e) + T - (Toy/folt0)e™ ) | 1

- 3 [V T (A 00 i+ 9, (5Taf?)

The term in front of f; is

(v folt,v)e™")~! [at<\/ folt,v)e™") +V, - (Fox/ fo(t, ’U)ed*t) 1 [V - Tol (1 folt, U)ed*t)]
= (\/ fo(t,v))~ {at\/f[)tv )+ Ty - Vm} <d*+;vv'r())

= (2fo(t,v)) " [Dfo(t, v) + To - Vo folt,v)] + (d* + §Vu . Fo>

1 1
— 5V Lot (d+ 5V, To) = d.
because f, satisfies
A fo(t,v) + Lo - Vi fo(t,v) + fot,v)y = 0.

One gets

FIN\ [ o2dst|q2
Oif1 +v-V,f) — ,Qgcg\/fo(t,v)ed*tv V7 <_F> ( 2| | >
2t gy |2

= d,\/ fo(t, v)e™ v - u <—1;> (e 5 ) —dyf1 — ;Vv ' <;I‘of12> -
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1.3. Analog of Landau damping in thick sprays

In the end, one obtains the linearized thick spray equations

00001 = o9V, - ug +my 'V, - /R3 \/%ed*tfl’v dv

Q0o = aogocgvxﬁ + m,d, [RS v foed*tfl dv — m.d,uq /R3 fodv

FI\ [ 2dst|q)2 (1.20)
05,51 = oo vn (<5 ) ()

F
e2ht |2

F’ d, 1
o)) st ()

The main goal of Chapter 3 is to prove that in the case with no friction, D, = 0, one has a
linear damping result in the same fashion as the Landau damping of Vlasov-Poisson equations.
Our approach is to use the framework of spectral theory [79,84].

1.3.2 Parallel between the thick spray model and Vlasov-Poisson
equations

In Chapter 2, our strategy is based on a recent study of the linear Vlasov-Ampere equation
using the point of view of abstract scattering theory. (see [43,44]).

Consider the linearized Vlasov-Poisson equation for one species of negatively charged particle
(electrons) in a plasma.

of

ot
D2p = dv.
2= [ fao

F 00, f + 0pbf)(v) =0,
(1.21)

o The spectral properties of the Vlasov-Poisson equation have been studied by Degond
in [40]. The main result is that the electric potential ¢ admits an asymptotic expansion
of the form

5
— Ast+insT rt :
o(t,x) = 3:1036 +0(e"), r< min, RAs.

The main tools used are the Dunford formula and an analytic continuation of the resolvent.
The A, are then no longer eigenvalues of the linearized Vlasov-Poisson operator.

« Another approach done by Després in [43,44] is to rewrite the linearized Vlasov-Poisson
equation (1.21) as a linear Vlasov-Ampere equation. Indeed, one has the identity

8I(6tE—/Rgfvdv)zatawE—ﬁm/Rgfvdv:—8t[f{3fdv—6$[r_{3fvdv:0

So one can write the Ampere law under the form

o F = 1*/ fodv
RS

where 1* = L*(T) — L2(T) is the projection operator

I'g=g— /Tg(fv) dz.

17
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Then, the linearized Vlasov-Poisson equations (1.21) are equivalent to the linearized
Vlasov-Ampere equations

O f +v0.f — Efi(v) =0,

1.22
o FE = 1*/ fodv ( )
RS

The main result is that the linearized operator associated to (1.22) is self-adjoint, and
a careful study of the spectrum of this operator yields linear Landau damping. This
approach has the advantage that it is capable to also deal with the inhomogeneous (in x)
case.

1.3.3 Linear damping in thick sprays

For simplicity, we present the results in 1D, but our result is true in any dimension d € N*.
Setting a null friction D, = 0 and normalizing the other coefficients, the linearized equations
(1.20) write

O = Oyuiy + B, /R Vfofiwdv
Oy = 0,7 (1.23)

/ 2
Oufy + 00, fr — \/ fovdem (-?) ('2') —0.

Then we rewrite the system (1.23) in the framework of spectral theory
O U(t) = iHU (1.24)

where U = (7,u, f) and H is an operator formally defined by

0 Op Oz Jgvy/fOv) - dv

1H = Oy 0 0
v/ fO(v) (—%) 0, 0 —v0,
Denote

L3(T) = {u € LA(T), /Tudx - o} ,

and let X = LZ(T) x L3(T) x L3(T x R) be equipped with the natural scalar product of L?. If
the equilibrium profile for the particles is a Maxwellian fy(v) = e /2, the operator H rewrites
as a symmetric operator in X

0 Or Op Jrvy/fOv) - dv

iH = d, 0 0 . (1.25)
v/ fO(v)d, 0 —v0;

We now write the main result of Chapter 3:

18



1.3. Analog of Landau damping in thick sprays

Theorem 1.3.1. If fo(v) = e V*/2, then the operator H restricted to X = L2(T) x L3(T) x
L3(T x R) with domain D [H] ={U € X, HU € X} is self-adjoint and one has the decom-
position

X = X*.

As a consequence, a solution (7(t,),u(t,"),f(t,-,:)) of (1.24) weakly converges in X to 0 as
t — 0o. One also has convergence of the acoustic energy ||7(t)||32 + [|[w(t)||32 to 0 as t — +oo.

1.3.4 Strategy of the proof
We present here the general idea of the proof of Theorem 1.3.1.

The first step is to show that the operator H restricted to X := LZ(T) x L(T) x L3(T x R)
with domain D [H] ={U € X, HU € X} is self-adjoint. At this point, one can apply the full
arsernal of scattering theory for self-adjoint operators. A general result from scattering the-
ory [14,78,84,106,119] states that a self-adjoint operator induces an orthogonal decomposition
of the Hilbert space on which it acts in terms of measure theory. The decomposition reads

X=X X*q XPP.

The "pure point" subspace XPP corresponds to the subset of the spectrum made of the eigen-
values of H, and is spanned by the classical eigenvectors

XPP = Span{p € X, Hp = \p for some A\ € R}.

The "absolutely continuous" subspace X2 corresponds to the so-called pseudo eigenvectors. A
usefull characterisation of this space that was proved by Gustafson and Johnson [71] reads

xo={pe X, (-2l zo(i)}. (1.26)

Finally the subspace X*®¢ corresponds to the "singular continuous part" of the spectrum. In
most operators coming from the physics, one usually expects that singular continuous part is
absent, that is X*° = {0}.

An analysis of the spectrum of H shows that it is entirely composed of absolutely continuous
spectrum, meaning X = X?°. It is then a classical fact of scattering theory [79,84] that, denoting
e the semigroup associated with H, the solution U(t) = (7(t), u(t), f(t)) = e (Tins Wi fini)
weakly converges to 0 in X as t — oo. Finally, using the conservation of the quadratic norm,
one can show that 7(¢) and u(t) strongly converge in 0 in L2 as t — oo.

We obtain then, in the same spirit as in [44], a linear damping property of the acoustic en-
ergy ||7(t)[]32 + [|u(t)]|32 of the gas. In view of the conservation of the total quadratic energy
|(T,u,f)||z2(t), the Theorem 1.3.1 implies that all the quadratic energy of the system is even-
tually absorbed by the particles. In the numerical simulations, this effect is visible via the
formation of filamentation in the velocity variable of the particles distribution f.

Remark 1.3.2. o [t is a priori complicated to obtain a similar expansion like in [40], be-
cause the operator H does not write as a compact perturbation of a simpler operator.
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o Asin [43,44], Theorem 1.5.1 does not give any insights on the rate of convergence. It
also does mot give any information on the convergence of the density of the particles

of = [ fdv.
e One can extend this result to a general "one bump" function of the form

folv) = F(v*/2)
where F': R — R is a strictly decreasing function. Then, the operator H is a symmetric
operator in the weighted space Xz = L3(T) x LE(T) x L3(T x R), equipped with the scalar
product

(o, f),(ow,g))x, = /IT(I)U(x) dx + /Fu(:ﬁ)w(x) dz + //FXRf(x,U)g(x,v) R(v)dzdv

and R(v) = —(F/F")(v?/2) is the Lyapunov function introduced in [27]. Then, adapting
the proof of Theorem 1.3.1 is straightforward.

1.4 A coupled Finite Volume/semi-Lagrangian method
for thick sprays

In this section, we present the results of Chapter 4. We present a numerical scheme for the
discretisation of the thick spray equations (1.9) based on a semi-Lagrangian scheme for the
Vlasov equation, and a Finite Volume Scheme for the Euler equations. We also present two
ways to deal with close-packing limit in such flows. The first way is a correction procedure on
the particle distribution function, inspired by works by Maury and his collaborators [94, 108].
The second way is to modify the Vlasov equation, to incorporate a pressure term that explicitly
prevents the particle density from exceeding a given threshold.

We begin by giving a brief overview of congestion phenomena in fluid equations, then we turn
to the problem of close-packing limit in thick spray models. Then, we describe the numerical
methods used.

1.4.1 Congestion in fluid equations

The problem of congestion phenomena in fluid equations has received a lot of attention in the
past decades [19,22,41,42,74,83,100,101]. The applications stem from traffic flow, granular me-
dia, crowd motion, high-density regimes. In these types of problems, fluid mechanics equations
are used to describe the density of a population, or particles. In most of theses applications,
the density (e.g. the density of an animal crowd) cannot cross a given critical density p*,
which corresponds to a maximal packing constraint, that is the non-overlap constraint on the
microscopic components. Standard fluid mechanics equations like the Euler system (1.7) or the
Navier-Stokes equations do not take into account such maximal density constraints. Several
different models have been proposed. An important number of these models are variants of the
following toy model

Op+ V- (pu)=0
O(pu) + V.- (pu®@u)+V,p=0 (1.27)
0<p<p" supppC{p=p"t p=>0
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In the literature, such system are sometimes called hard congestion models, because the dy-
namics is free of any constraint, until the density enters the maximal density zone p = p*, then
the constraint is imposed by a sudden activation of the pressure p. The system (4.7) is then a
free boundary problem, between the free phase where p < p* and p = 0 and the congested zone
where p = p* and p > 0. The dynamics of the free boundary between these two regimes is not
explicitely given by the system. The lack of regularity of the pressure is an important obstacle
for a rigourous study of the system. From a numerical point of view, the implicit nature of
the pressure (no explicit formula is given) is also an important obstacle in the construction
of numerical schemes. Because of these issues, another approach is sometimes given in the
literature. It consists of replacing the hard congestion constraint (p* — p)p = 0 by an explicit
formula of the pressure, which blows up when p — p*:

O+ V- (pu)=0
Oi(pu) + V- (pu@u) + V,p=0 (1.28)
0<p<ppp) > +ooas p—p*

The singular pressure p can be interpreted as a repulsive force between the particles. A com-
monly cited formula in the literature is given by:

pe(p) =¢ (p*fip>ﬁ,ﬁ > 1. (1.29)

and one has formally p. — p as ¢ — 0. Such model are sometimes called soft congestion
models [100].

1.4.2 Close-packing limit in thick sprays

In some applications, the model (1.9) is used for small fluid volume fractions [6,20,49]. There
is a need for the developement of model and methods for thick sprays which preserve this
maximum principle. This is the subject of Chapter 4 where we propose two ways to deal with
this issue. The first way is to do a numerical correction of the solution by adapting a method
developed by Maury, Roudneff-Chupin, Santambrogio and Venel [94] in the context of crowd
motion. A second way is to modify the system (1.9) and to add an additionnal pressure in the
kinetic equation, which modelises the inability of the particles to overlap.

Consider the thick spray model, with the addition of a constraint on the fluid volume frac-
tion «,

O(ap) + V- (apu) =0

O(aou) + V, - (cpu @ u) + aV,p = D, /R?)(v—u)fdv
Of+v-Vuf+V, - (Tf)=0

azl—m*/RSfdv

m, = —-m,V,p— D,(v—u)
at,r) > aupin > 0.

(1.30)
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Without modification of the system, it is not expected that an initial condition (gini, Wini, fini),
satisfying ay,; = 1 — %777";’ [ finidv > apin will propagate in time. To fix this, we propose the
following two alternatives.

Random Repair Algorithm. Our first idea was to numerically impose the constraint o >
Omin. We adapted an algorithm developed by Maury and his collaborators [94, 108] for the
modelling of crowd motion. The idea of the algorithm is to redistribute the exceeding mass of
a saturated cell using a random walk. For now, this method is purely a numerical correction
and it is not clear what is the actual set of equations that this method solves.

Addition of an explicit singular pressure term Another idea we proposed is to modify
the model (4.1), and by taking inspiration from the literature on congestion phenomena [100],
to add a pressure that can deal with packing effects. The model writes

(o) + Vg - (apu) =0
O(apu) + V, - (apu @ u) + aVpgas(0) = D*/ (v—u)fdv

R3

atf + vx : [(U - V:Jcppacking)f] + vv : (Ff> =0

4 1.31
azl—gwr;’/mfdv ( )

4
m, [ = _gmngpgas(g) — D,(v—u)

a > Q'min, (a - amin)ppacking =0.

However, the direct numerical discretization of the system (4.7) is not obvious, because we do
not know how to compute the pressure ppacking When the packing limit o = oy, is achieved. We
then proposed to relax the relation (o — @min) Ppacking = 0, and to replace ppacking by another
explicit singular pressure

l—«

g
p;acking(a) =¢c ( ) ) B >1

& — Omin

where £ > 0 is a small parameter. Formally, the pressure ps, .. (@) tends to ppacking-

1.4.3 Numerical discretization

The numerical simulation of a fluid-kinetic system, such as (1.11), presents several key chal-
lenges. First, consider the fluid part. Discretizing this part aligns with the methods used for
hyperbolic conservation laws [68], which is a complex field due to the nonlinear nature of such
systems and the frequent emergence of discontinuities in the solutions. Accurately capturing
these discontinuities is challenging, and critical to obtain convergence to the correct weak solu-
tion. Second, there is the kinetic equation, which brings additional difficulties due to its high
dimensionality [35,51,59]. For realistic simulations, the entire 6-dimensional phase space must
be discretized. This requires a grid with O(n%) points, where n represents the number of grid
points in each direction, resulting in a substantial computational cost.
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1.4. A coupled Finite Volume/semi-Lagrangian method for thick sprays

Another characteristic difficulty in solving kinetic equations is the phenomenon known as fila-
mentation. To illustrate, consider the free transport equation:

O f(t,xw) + 00, f(t,xw) =0 (1.32)
f(t=0,2,v) = fo(z,v). (1.33)

This equation is a linear transport equation, and its solution can be computed explicitly as
f(t,xw) = fo(xr —vt,w). However, despite its simplicity, filamentation introduces computational
challenges. For example, with an initial condition fo(z,v) = cos(kxz)e */? for some k € R, the
solution evolves as:

Ft,zw) = cos(k(z — vt))e /2.

Over time, we observe that |0 f(t,-,-)|| o< (kt)™, indicating that increasingly fine-scale struc-
tures emerge in phase space even as the solution remains smooth (see Figure 1.2). This fila-
mentation effect necessitates the use of very fine grids to accurately capture these small-scale
structures, which are essential for producing physically meaningful results.

4
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Fig. 1.2: Filamention of the particle distribution in the phase space

1.4.4 Methods used in this thesis

We restrict ourselves to one dimensional problems. In this section, we describe the numerical
methods that are used in this thesis. All the numerical results presented are done using a code
in PYTHON.

23



Chapter 1 : Introduction

The first step involves reformulating the fluid equations. In (1.9), the momentum equa-
tion contains a nonconservative product, aV,p, which can pose challenges, particularly in the
presence of shocks. To address this, we instead consider the total momentum equation for the
spray, resulting in the fluid equations as:

Oy (o) + 0z (aou) =0
0. (agu+m, [ vfdv)+0, (ag +m. [ fotde)+op=0.
R R

Denoting the vector of conserved variables

u— (") - ap
“\g) " \aou+m, fofdv)’
and the flux

BOU ) — aou B q— 373 [q fodv
( 7f) - 2 2 — | (g—m fR fodv)? nY 2 )
apu” +p+m, [g foodv B 4 g foidy

n 2l

we can write the governing equation as
o,U+ 0, F(U,f) =0.

The idea is then to discretize this this conservation law with a Finite Volume scheme. In this
study, we restrict ourselve to a simple Rusanov scheme [68].

For the Vlasov equation, we use a semi-Lagrangian scheme. Usually, particles method
such as the PIC method are used for this kind of system [5,6,76]. Such method have a lot
of drawback such as the presence of numerical noise. Moreover, particle methods are known
to struggle to capture correctly the distribution function when the density of particles is very
low [50,112]. Semi-Lagrangian methods have been rarely used for thick sprays in our knownledge
(see nevertheless some recent works [18,47]). We main focus of this study was the discretization
of the dispersed phase. We will use two scheme for the dispersed phase, the first one is a semi-
Lagrangian scheme based on cubic B-Spline (BPSL) [112]. The other will be a conservative
semi-Lagrangian scheme known as the Positive Flux Conservative (PFC) scheme [59].

For the time discretization, we use the following time splitting. The time-splitting is done
in a Strang fashion, at it is classical in plasma physics [35,112].

e Transport in the direction z.

Particles are transported along their velocities in the z-direction for half a time step.

o Correction of the particle distribution. In this step, we correct the transport of the
particle by taking into account the close packing constraint.

o Transport of the fluid.

The fluid variables are updated through a Finite Volume scheme with a full time step.

e Transport in the direction v.

The particles are accelerated with a full time step.
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1.4. A coupled Finite Volume/semi-Lagrangian method for thick sprays

o Transport of the particles with velocity v the direction z.

The particles undergo a final transport in the z-direction, again for half a time step.

e Correction of the particle distribution. A final correction step is applied to ensure
the particle distribution satisfies the close-packing limit.

An important remark regarding the time stepping: A formal computation of the Jacobian
A(U,f) of F(U,f) with respect to U reveals that the eigenvalues of the fluid phase are

o

So small volume fraction o will lead to very small timestep. We will give more detail on the
choice of the time step in the Chapter 4.
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Chapter 2 : An averaged thick sprays model

Summary

The main part of this chapter corresponds to a joint work with Christophe Buet and Bruno
Després and has been published in Kinetic and Related Models [63].

We propose a new system for the modelling of thick sprays. We prove that this system
verifies conservation properties together with a maximum principle regarding the volume frac-
tion of the gas. Our main result is that the barotropic version of this system is locally in
time well-posed in H®. We also discuss the problems associated to the construction of weak
solutions.

2.1 Local-in-time existence of strong solutions to an av-
eraged thick spray model

2.1.1 Introduction

Sprays are defined as dispersed liquid (such as droplets) or solid (such as dust) phase evolving in
an underlying gas. Such models are usually presented as a coupling between a kinetic equation
(for example, a Vlasov equation or a Vlasov-Boltzmann equation) and an hyperbolic (or Navier-
Stokes) system and were introduced in [29,118]. A classification of different types of sprays
have been proposed in [97]. See [45] for a recent review of the different ways to model sprays.

One type of sprays are the so-called thin sprays, in which the total volume occupied by the
particles is negligible compared to the volume occupied by the gas. In this case, the coupling
is usually made through a drag force, sometimes called the Brinkman force. Such models have
been heavily studied in the purely hyperbolic setting [12,92] and in the Navier-Stokes setting,
that is, with parabolic terms (see [7,54,73] and the references therein).

In this work, we are interested in so-called thick spray models, in which the total volume
occupied by the particles is no longer negligible compared to the volume of the gas. On the
mathematical side, less is known about thick spray models compared to thin spray models. We
refer to [23,27] for recent works on thick sprays.

Hereafter the gas is described with a system of compressible Euler equations, for which the
variables are the density ¢ := o(t,z) > 0, the velocity u := u(t,x) € R? and the internal energy
e := (t,&) > 0. The particles are described with a phase space density f := f(t,x,v) > 0
following a Vlasov equation. It is also possible to use a Vlasov-Boltzmann equation, but
numerical results may suggest that adding a collision operator is not necessary for accurate
simulations [17]. Various other effects such as coalescence and fragmentation can also be taken
into account, we chose here to neglect all these effects. The force acting on the particles, that
shall be denoted m,I', is usually decomposed in two parts: one related to drag or friction
between the particles and the gas. The other one is related, since the total volume of the
particles is not negligible, to the pressure of the gas:

m I = —m,V,p — D,(v —u).
The presence of the term —V,p is a specific feature of thick sprays models, and it is formally

linked to bifluid equations (see [46]). Depending of the modelisation, the coefficient D, can be
treated as a constant or as a function of v —u. We shall limit ourselves to the constant case.
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2.1. Local-in-time existence of strong solutions to an averaged thick spray model

The constant m, can be interpreted as the mass of the particles and is linked to their radius r
by the formula (we assume here that the particles have a density equal to 1)

The spray is assumed to be monodisperse, meaning that all particles have the same radius.
With those hypotheses, a possible thick spray model [23] can be written as

Oy(ap) + V, - (vou) =0

O(apu) +V, - (apu @ u) + V,p = m*pr[Rsfdv +D*/Rg('v —u)fdv
Oi(avoe) + V- (ageu) + p(Gyae + V- (au)) = D, [R3 v —ul*f dv

Of +v-Vof + Vo (Tf) =0

Oz:1—m*/ fdv
R3

(2.1)

m ' = —m,V,p — D,(v —u).

This model can be used to describe various physical phenomena at different length scales, such
as aerosols for medical use [24,25], the combustion in engines [5], aerosols in the atmosphere [90],
and also in astrophysics for the modelling of gas giants and exoplanets [66].

In the thin spray case, the volume fraction « is absent from the equations. One of the
simplest examples of thin spray models is the so-called (compressible, barotropic) Euler-Vlasov
system, which writes

0o+ V- (ou) =0

By(ou) + Vs - (ou @ u) + Vop = D*/Rg('u—u)fdv (2.2)
Of +v-Vof + V- (2 (u—v)f) =0.

One remarks that taking the formal limit & — 1 in (4.1) does not yield (2.2), because the
term —V,p does not vanish. Indeed, to the best of our knowledge, there is no well established
hierarchy between the two regimes. One formal way to recover (2.2) from (4.1) is to take the
limit m, — 0 (which means that the radius of the particles r, goes to 0). Then o — 1, and
T% — +o00. In the end the term V,p in the force acting on the particles becomes negligible
compared to the friction force, and one obtains the system (2.2).

The system (4.1) suffers from some mathematical issues. It displays losses of regularity,
and therefore standard techniques to prove a local-in-time well posedness result fail. Typically,
the term V,p -V, f in the Vlasov equation cannot be treated within standard theory for weak
solutions of such systems. To the best of our knowledge, even local-in-time well-posedness result
is lacking. It is even conjectured in [12] that the system (4.1) is ill-posed locally in time. All
those reasons motivate us to modify the model, with regularisation-convolution of certain terms
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specific to thick spray models. We propose the following thick spray model with regularisation
O (o) + Vo - (aou) =0

O(apu) + V, - (pu @ u) + V,p = m*pr/Rg<f> dv + D, /Rs(v —u)fdv
Oi(ape) + V. - (apeu) + p(Ora + V. - (auw)) = D, /R3 v —ulrfdv
Ohf+v-V.f+V,-(T'f)=0

a= 1—m*/RS<f>dv

m, I = —m,(V.p) — Di(v — u).

(2.3)

where the convolution operator (-) is introduced in the second, fifth and sixth line of the
initial model (4.1). A possible "physical" form of the convolution operator is justified in sub-
section 2.1.2. This convolution operator preserves the conservation of mass, momentum, total
energy and still produces entropy. We will show that it is enough to to obtain the local-in-time
well posedness of smooth solutions.

This work is organized as follows. In subsection 2.1.2, we justify the convolution operator
and explain the modifications of the usual thick spray equations leading to (4.4). In subsec-
tion 2.1.3, we show that the system verifies conservation properties for the total mass, the total
momentum, and the total energy of the system, and is equipped with an entropy balance law.
We also show that under reasonable assumptions, the volume fraction « stays in (0,1] for all
times, provided that the initial condition verifies this property. Finally, in subsection 2.1.5, we
prove the main result of this work on the local-in-time well-posedness in H® of the barotropic
version of (4.4).

2.1.2 Justification of the convolution operator

The idea of a convolution operator is easy to conceive on the equation that defines the force
m, I, ignoring the friction force. Let us consider a single spherical particle of radius r > 0 with
center coordinate x,. In a surrounding gas with a pressure field p, the gas acts on the particle

with the force
F=— / pndzx.
S2(z4,r)

In a thought experiment, the pressure can be extended inside the particle. Assuming that the
pressure is differentiable in the particle, one obtains using Stokes’s theorem

F=- /SS(m*,T) vzp(w) dz = —m, /R3 w(w - m*)va(w) dz = m*<w * V:Jcp) (w*)u

where the convolution kernel is 1

w(y) = Ellykr(y)'
Using the notation (-) = w % - for the convolution operator, the force is rewritten as
m,I' = —m,(V.p).

This formula is valid independently of the extension of p inside the particle, provided it is
differentiable. We recall the definition [56] of the total variation of a function

TV(f) = sup (/ fdivodr, @€ € R%RY, o~ < 1) ,
R3

30
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Lemma 2.1.1. The kernel w verifies w € BV(R?), |lw|[ =1 and TV (w) = 2.

Proof. Since w is the indicator function of a sphere, then w € BV(R?). The kernel w has

unit L'-norm because m, = 47r3. Finally the total variation of an indicator function is the

3
perimeter of its support, therefore TV (w) = % = % O]

In order to introduce this principle in the original system (4.1), one needs to reintroduce
the friction in the force m,I' and to modify other equations in a way that preserve the global
conservation properties. Considering additionally that the modifications should be kept to the
minimum, we are led to propose the following system

O(ap) + V- (apou) =0 (2.4)
dy(cou) + V, - (aou ® w) + Vop = m,Vap /R3<f> dv + D, /Rg@ —w)fdv (2.5)
Oi(age) + V, - (ageu) + p(dya + V. - (au)) = D, /R3 v —ul*fdv (2.6)
Of +v-Vof +V,-(Tf) =0 (2.7)
oz:l—m*/Rg(ﬁdv (2.8)
m,T = —m,(Vap) — D,(v — u). (2.9)

Let us comment in more details the equations (2.4)-(2.9). Equations (2.4), (2.6) and (2.7) are
unchanged. Equation (2.5) is modified with the convolution kernel on the right-hand-side since
we found that it is a way to recover the conservation of the total momentum, as justified in
Proposition 2.1.2. Equation (2.8) is also modified by compatibility with the conservation of
the total energy. In the last equation (2.9), the friction is reintroduced without a convolution
because there is no conservation issue related to this term. Notice that when the size of the
support of w goes to 0 (ignoring the fact that m, is dependent of the size of the particle ),
meaning that w converges to a Dirac mass, one recovers the system (4.1). To close the system,
we assume that p follows a perfect gas law

p=(y—1oe, ~v>1 (2.10)
and the energy law
e=C,T, (2.11)

with T" > 0 the temperature and C, > 0 is a constant.

2.1.3 Properties of the system

In this section, we present basic properties of the new model (4.4).

2.1.3.1 Conservation properties

To obtain the conservation properties, we will make use of the classical formula: let f,g be two
functions and let w be even, then

/Rd(f*w)gdl‘ = /Rd flg*w)dz, (2.12)

which is easily shown using a change of variable and the fact that w is even.
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Proposition 2.1.2. Formally, the following holds:
(i)
d d
< dr=0, = [ dzdv = 0,
dt/R3an 0 dt R3><R3f rdv =0
(ii)
d(/ auda:—l—// f’udxdv)—o
dt \Urs “° R3xR3 -
(iii)
d(1/ a|u|2dx—|—1// |'U|2fdxdv+/ aeda:)—O
dt \2 Jrs 2 JJR3xR3 e ¢ -

Proof. By formally we mean that all functions are smooth and integrable. The proof of (4) is
obvious because the equations are already in divergence form.
To obtain (i7) one multiplies the Vlasov equation (2.7) by v. Integration yields

m*ﬁt/ fvdv+m,V, /fv@vdv——m*< xp}/ fdv—D/ v—u)fdv.

Summing with the fluid momentum equation (2.5), one gets

o (agu + m*/ fv dv) +V,- (a@u ®u+ m*/ fo® vdv) + V.p (2.13)
R3 R3

—m. (Vop [ (£ do = (Vup) [ fdv). 214

Using formula (2.12), one has [gs (V.p [gs(f) dv — (V.p) [gs f dv) dz = 0, so integrating (2.14)
in z yields (7).

To obtain (i7i) one multiplies the momentum equation (2.5) by w. One obtains

ul® o
O | ao 5 + V. |ap 5 +u-Vyp

:m*u-Vmp-/I{?)( dv—l—D/ (v —u)fdv.

Multiplying the Vlasov equation (2.7) by m* ® and integrating, one gets

.0, ( / fdv) ( / fvdv)

= —m, (V. )/f'vdv—D/ (v — ) f dv.
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Then, addition of these equations to the internal energy equation (2.6) yields

A= 0 (ag‘u;%—m*/ fwdv+ozge>
—l—Vx-(agu’ —|—m*/ fvdv+ageu>
= —poiov — pV, - (au) —u - V,p — meu - pr/ f)dv—m,(V.p) / fodv
—i—D/ v—ude—D/ (v—u )fdv+D/ lv —ul2f dv

= —poa — pVy, - (au) —u - Vyp + meu - Vyp /RS f)dv —m(V.p) - /R3 fodo.

Then, using 1 — a = m, [gs(f) dv, one has m,u - Vop [gs(f) dv = (1 — a)u - V,p,

A:—p@ta—pvz-(au)—u-pr—l—(l—a)u-pr—m*<pr>'/RSf’vdfu

= —pdia — pV, - (au) —au-Vyp — m*<vxp> ) /R3 Jodv.

One writes pV, - (au) + au - V,p =V, - (qup) and v = m,V,, - [gs(f)vdov to obtain
A==V, (aup) ~ pa —mu(Vap) - [ Jvdv
==V, - (awp) =mp¥, - [ (Fodv—m.(Vop)- [ fodo
=V, - (awp) =mp¥, - [ (Hodv—m.Vop- [ (Hrode
+m, <Vzp-[m<f>vdv —(Vaup) - [RS fvdv>
— V.- (aup) - m.V.- (p /R [(Hvdv)

*( ;pp/ flodv —( >/Rsf'vdv>.

Using again formula (2.12), we have [gs (Vup Jgs(f)vdv — (Vup) [gs frdv) dz = 0, so inte-
grating in x yields (7). O

2.1.3.2 Entropy property

Following the analysis made in [27], we show that the system (2.4)-(2.9) closed by the equation
of state (2.10) is equipped with an entropy inequality.

Proposition 2.1.3. Formally, one has the entropy inequality

Oi(aoS) + V, - (apSu) = T / lv —u*fdv > 0. (2.15)

33



Chapter 2 : An averaged thick sprays model

Proof. The density equation (2.4) yields
00+ V- (au)) + aDyo =0 < da+ V, - (au) = apD,T,

with 7 = 1/p > 0 the specific volume, and D; = 0; + u - V,. The internal energy equation (2.6)
can be rewritten as

ao(Die + pDyT) = D, /R3 v —ul|?f dv.
With the perfect gas pressure law (2.10) and the energy law (2.11), the entropy S is
S = C,In(eo" ).
The second principle of thermodynamics writes
TdS = de + pdr,

so that D
apDS = ?*/RS v — ul*f dv,

which is rewritten as (2.15). O

2.1.4 Positivity of the volume fraction of the gas for smooth solu-
tions

In this section, we study the positivity of the volume fraction «, which is that if 0 < a <1 at
time ¢ = 0, then the inequality stays true for all times ¢ > 0. Although it is clear that o < 1
(due to the fact that f > 0 is propagated by the characteristic curves), it is less immediate to
prove that o > 0. In [27], the authors proved that this property holds for thick spray equations
(4.1) under reasonable assumptions. We prove here the same result for (4.4) under similar
assumptions.

Proposition 2.1.4. We assume that a solution of the system (4.4) is defined on the whole
space R® and is smooth on [0,Tena) for some Tenq > 0. We assume that

o Forall (x,w) e R*xR3,  f(0,xz,v) > 0.

e One has 0 < o_ = inf p(0,2) < oy = sup p(0,x) < +o0.
zeR3 z€R3

e One has —oo < S_ = inf S(0, ).

zeR3

e One has 0 < a_ = inf a(0,x) <1

zeR3

We assume the following reqularity of the velocity variables

fRS f'v dv

Jrs(f) dv

We finally assume that the pressure vanishes at infinity, that is for all € > 0, there exists A > 0
such that

u € WHe([0,Tua) x R?), € L>([0,Twnq) x R?).

0<p(te)=(y—1Do(txe(t,x) <e, for0<t<Teq and |x|> A.
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2.1. Local-in-time existence of strong solutions to an averaged thick spray model

Then there exists a constant C > 0 depending on Tena, 0+, 0—, a—, S_, A (corresponding to

e = 1), [|[ullwroc(jo,1maxr3) and ‘ f];:;jz so that the following estimate holds :

L ([0,Tena[xR3)

0<C<alte) <1, te0Tm, =cR>
Proof. The momentum equation (2.5) can be rewritten as

= — l -« fR3f’UdU_ fR3fd1)>
aVp apDyu + D, - (fR3<f> " fRs<f>

with D; = 0, + u - V,. Using the regularity w € W' and the assumptions above, we find

[aVaepllree < C (1411 = aflz=).
Following the fact that p follows a perfect gas law, we have the identity

(7 — 1)H/7e8/(C)
1—1/v

1 _
o= [l = ) ag] V= | ae| V. 17).

Now, using again u € WH*® and a classical treatment of the characteristic curves of the
continuity equation, we obtain for some C_,C; > 0,

C_ = inf (ag)(t,@) < sup (ag)(t,@) =C4, 0 <1< Topa. (2.16)
zeR3 zcR3

Therefore, because S is lower bounded.
IV (')l < C L+ |1 = allr) -
We then use the fact that the pressure vanishes at infinity
I~ e < C L+ [I1 = al|zex) -

We then obtain that the density p is bounded, using the perfect gas law for the pressure and
the boundedness of the entropy S,

le" iz < C (1411 = allr) .
Finally, using (2.16)

E

Ci+1-alf™)<cC

LOO

2.1.5 Local in time well-posedness

In this section, we consider the barotropic version of system (4.4), meaning that we suppose
that the pressure depends only on the density of the fluid o, that is

p=2o0", 7>1,
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Chapter 2 : An averaged thick sprays model

so that the energy equation (2.6) is not needed. We also assume, without loss of generality,
that D, = 0 and m, = 1. The treatment of the friction term presents no difficulty because it
does not contain any derivatives, so the treatment of this term is very similar to what is done
in [12]. The barotropic system writes

Oy(ap) + V, - (apu) =0
(aou) + V.- (agu @ w) + Vap=Vp [ (1) do

ozzl—/RB<f>dU
p=plo) =0

The goal of this section is to prove the following theorem:

Theorem 2.1.5. Let Q = (0,+00) x R3, s € N such that s > 3/2+1 and Q1,9 two open sets
of Q such that Q; C Qo and 0y and Qs are relatively compact in Q. Let (00, 0oUo) : R3 > O
satisfying oo — 1 € H*(R3) and ug € H*(R?). Let fo : R3 x R* — R, be a function in
CHR3 x R?) N H*(R? x R?) satisfying

1
24wl 21 Var (0)*

[ follz <

with Var(0) = sup lv].
(z,w)ER3XRS3, fo(x,v)>0
Then, one can find T €]0,1] such that there ezists a solution (o, ou, f) of the system (2.17)
belonging to €1([0,T] x R3,Qy) x €1([0,T] x R3 x R® R). Moreover this solution is unique
and it satisfies
C<a(te) <1, tel0T], xR

Remark 2.1.6. This result could be extended to the whole system (4.4) with an energy equation.
It could also be extended if p a sufficiently well-behaved function [12] not necessarily a power
function of o. For example, it works for p € €(R*T) NE>°(R* \ {0}). It is also true if w is a
non-negative convolution kernel in BV(R?).

The proof is based on the following idea. We want to combine classical theory of local-in-time
solutions for symmetrisable hyperbolic systems of conservation laws (see [87]) and the theory
of characteristics for the control of H* norms of f and its support (like for the Vlasov-Poisson
system [102]). This idea has already been used in [12,92]. Finding appropriate symmetrisers
for the system (2.17) is not obvious. Our strategy is to expand the derivatives on the left-
hand-side of the equations, then to treat the terms containing derivatives of « as source terms.
The left-hand-side then becomes the well-known Euler equations of gas dynamics for which a
symmetriser is classical. To apply the proof [87], the source term needs to be of degree 0, that
is, no derivative. An issue is that the initial thick sprays equations (4.1) contains derivatives
in the source term. This is an asset of the convolution operator in systems (4.4) and (2.17),
because it avoids the loss of regularity in the source term in the original thick spray equations
(4.1).
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2.1. Local-in-time existence of strong solutions to an averaged thick spray model

Proposition 2.1.7. The system (2.17) is equivalent, for strong solution verifying o > 0, to

9,U +V, -F(U) = b(U,f)
atf +v- Va:f - <vxp> : va =0,

with

u=(?], FU = ot ,
ou ou ®u + pld

ou -V, Jga(f) dv OV Jra{flvdv

1 — Jgs d 1— Jgs d
wd 0N = g u B aw o s
T Jos () do T () do

Furthermore, the hyperbolic part of the system can be symmetrized as

S(U)AU + S (SA4)(U)3,.U = S(UH(U.f),

=1

with

S(U) = ( —u Id

See [12] for the expression of the matrices A;. Moreover, the symmetric positive definite matriz
S(U) is a smooth function of U. For all relatively compact set €y, there exists a constant ¢ > 0

such that YU €

P'(0) + |ul? —UT> '

cld < S(U) < ¢ 'Id.
Finally, the matrices SA;(U) are symmetric.

Proof. First, notice that from the Vlasov equation in (2.17), one has, by first applying the
convolution operator (-) and integrating in v

o=V, - / (fHvdo.
R3
Taking the first equation of (2.17), one has
00y + adio + aV, - (ou) + ou - V,a = 0,

then, by moving to the right-hand-side the terms containing derivatives of «, and dividing by
a=1— Jgs(f)dv, one obtains

ou-V gs(f)dv oV [gs(flvdv
G0t Ve low) = 1_fR3IZf>dU - 1—f1f;<f>dv'

Then, first writting the second equation of (2.17) as
O(apu) + V, - (apu @ u) +aV,p =0,

and by using similar computations as before, one is led to

ou®u fps Vo (f)dv  ouV, - [ga(flvdo
1 — Jgs(f) dv 1 — Jps(f) dv

For the symmetrisation of the system, we refer to [12]. O

O(ou) +V, - (ou®@u)+ V,p=

37



Chapter 2 : An averaged thick sprays model

We now introduce some notations. Let p be a smooth enough function, then the Vlasov
equation in (2.17) is a linear transport equation

atf +v-V,f— <VZ‘Q’Y> -Vuf =0.
It has a unique solution, computed by the method of characteristics
f(t,xw) = fo(X(0;2,v,t),V(0;2,v,t)),

where the characteristic curves are defined by

dX

E@; x,v,s) = V(t;x,v,s),
X(s;x,v,8) = x,

dVv

E(t’ w,v,s) - _<VIQA/<X(ta SC,U,S),t>>,
V(s;x,v,s) =w.

If fo has a compact support, then f(¢,-,-) also has a compact support for all ¢. We denote

Xu(t) = sup ||,
(z,v)ER3XR3, f(t,z,v)>0

and

Vi (t) = sup lv].
(z,w)ER3XR3, f(t,x,0)>0

Then the following holds: supp f(¢, - ,-) C B(0,Xx(t)) x B(0,Vy(t)).
In the following, we will use the followmg notations (s € N, T' > 0, and « is a multi-index):

Il = 32 10l = 3 |/ 1o
la|<s

|a|<s

17]

n=(t),

ms = sup |h]
t€[0,T]
|All2r = sup [|h|z2(t).
t€[0,T

In particular, the notation 0% will always denote a derivative in the x variable. Those notations
will sometimes be used for function h = h(z,v), and in this case the norms are always on both
variables.

2.1.6 Iterative approximation scheme

We explain here the main steps of the proof of Theorem 2.1.5. We fix s € N an integer such
that s > 3/2 + 1. Constructing a solution of the system (2.17) is equivalent to constructing a
solution to the symmetrised quasi-linear system

S(U)AU +3(SA)V), U = S(UH(U.), (2.18)

atf +v-V,f — <pr> Vo f = 0.
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2.1. Local-in-time existence of strong solutions to an averaged thick spray model

The proof follows a classical iterarive scheme. We first work with smooth and compactly
supported initial data

00— 1€DR?, wueDR?, foeDR*xR?). (2.19)
Later, we use a mollification process to prove the case of all initial data in H®. We require that
fo is small, more precisely, we assume

1

. 2.20
Tl Var (0 (2:20)

[ follze <

We denote © = (0, + co) x R3 and €, a relatively compact open set of € such that

U= ? | eq,
OoUg

We will construct the solution of (2.18) through the following iterative process: for k = 0,
one sets 0y = +oo and (U°(t),f°(t)) = (Ug,fy). Then, given 6, > 0, and functions U* and f*
that live on the time interval [0,0;), one defines (U¥+1 f¥+1) as the solution of the linear system

S(UMo, UM + f:(SAi)(U’“)aink“ = S(UM(U* H), (2.21)
=1

U (z,0) = Up(z), (2.22)

atfk—i-l tuo- V;cfk+1 _ <Vzpk) . vak—i-l _ 0’ (2‘23)

i zw,0) = folxv). (2.24)

For now, it is not obvious that the sequence (U*, f*).en is well-defined.

Let €, a relatively compact open subset of R? such that Q; C Q,. From the Sobolev
embedding for s > 3/2 + 1, H*(R?) < L*(R?), there exists a constant R > 0 depending on
Qy, Q9 and s, such that, if ||[U — Ug||lgs < R, then U € Qy. Then, one defines 0, as the
supremum of times 6 < 6, such that |[U*! — Ug||gs 9 < R.

The system (2.21) is linear in U*"! symmetric and has smooth coefficients on [0, 6y),
therefore it admits a smooth solution on [0,6;) [87]. For equation (2.23), since it is a linear
transport equation with smooth coefficients on [0,0;), it admits a smooth solution that can be
explicitly computed by the method of characteristics. Finally, 0,1 > 0 since U**! is smooth,
and Uy € Q;. The sequence (U*, f*),cn is then well-defined.

We will restrict further the lifetime of the solution. One defines T}, as the supremum of
times T € [0,0;) such that

|U* — Uyl < R, (2.25)
vt e [0,T], X% (t) < 2X/(0), (2.26)
vt e [0,1], Vi(t) <2V (0), (2.27)
|[sar] < 2wl a0 ol (229)

R L>T
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and such that T,y < T}. In particular,

1
<
I H 1 — 24|wl[ 221 Var (0)3 fo

H ! (2.29)

1 — [ra(fF)dv

Y
Lo

and one considers the sequence (U*, f*),cn on the time interval [0,7;). Note that the right-
hand-side of (2.29) is finite thanks to the hypothesis (2.20). We emphasize that the number 2
in the inequalities (2.26)-(2.28) serves only a cosmetic purpose. One could replace the number
2 by any a > 1 and it would not change the proof.

The proof is then made of three parts:

o First, we prove that there exists a time T, > 0 such that 7T}, > T, for all £ € N. This is
the subject of the Proposition 2.1.16, for which we will need lemmas 2.1.13, 2.1.14 and
2.1.15. Note that, without this result, the sequence of lifespan (T} )ren could converge to
0. This is the subject of Section 2.1.7

« Next, we prove in Proposition 2.1.17 that the sequence (U¥, f*).cn converges in the
space L>=(0,Ty,; L*(R?)) x L*°(0,T,; L*(R? x R?)), where 0 < T,, < T,. The proof of
this Proposition is found in Section 2.1.8

« Finally, we conclude the proof of Theorem 2.1.5 and we prove that the limit (U,f) is a
solution of (2.18) in €1([0,T] x R3, Q) x €}([0,T] x R?® x R® R, ) and the solution is
unique. We also explain why the proof works in the case of all initial data in H®.

2.1.7 Preliminary lemmas and a priori estimates
2.1.7.1 Preliminary lemmas

We write some preliminary lemmas which we use in this work.

Lemma 2.1.8. Let S, A; € €'([0,T) x R®, M3(R)) be smooth matrices such that S and SA;
are symmetric, We suppose moreover that there exists ¢ > 0 such that cId < S(t,x) < ¢ 'Id.
Then, all smooth and compactly supported vectors W and F satisfying the equation SO,W +
> SA;0.,;W = F with the initial data W (0,x) = Wq(x) verify the energy estimate

_ 1
Wil < ! (HWon +3

S+ 0., (SA;)

LT

[ Wiy dr+ [ Rl () dr) (2.30)

Proof. By multiplying by W7 and integrating, one has

. r _ L[ wr | r
S0 [ WTswdr = [ W (at5+;awi(SAz))de+/R3w Fdz,

then one integrates with respect to ¢ and uses the estimate W/SW > cWTW. O
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2.1. Local-in-time existence of strong solutions to an averaged thick spray model

Lemma 2.1.9 (See [87]). Let g : Q@ C R® — R? a smooth vector-valued function, u : R® —
0y C Q with Q relatively compact in Q. Assume that w € H*(R3*)NL®(R3). Then for |a] < s,
one has the inequality

HS.

19°g ()l < C(s) sup ( sup \aﬁgw) =

veQ \|B|<s—1

Lemma 2.1.10 (See [87]). Let f,g € H*(R?) N L=(R?), one has the inequality

10%(F )l < C(s) (Il fll o=l

we + | fllasllgllze)-

Lemma 2.1.11. Let f € H*(R?) and g € BV(R?). Then

IV(f *+g)llms < [ f [TV (9)

and

IV(f*g)l[re < (1 fll=TV(g).

Proof. The proof is done via an approximation argument. The function g belongs to BV(R?),
therefore [56] (Theorem 5.3), there exists a sequence (g)ren € BV(R?) N €>°(R?) such that

Gk AN g and TV(gx) — TV(g). In particular, g € WH(R?) for all k, and TV(g;) =
IVgrllz: — TV(g). Applying Young’s convolution inequality to f and g, we obtain ||V (f %
gl < I fllz2l|Vak| L1, passing to the limit we obtain |V(f*g)|lz2 < || f]|2TV(g). Replacing
f by 0“f with |a| < s in the previous inequality, we obtain ||V (f x ¢)||gs < || f|lz=TV(g). The
second inequality follow directly from the definition of the total variation.

O

Lemma 2.1.12 (See [87]). Let h € H*(R?), Vh € L*(R?), g € H*'(R?) N L=(R?) and
la] <'s, then

10%(hg) = hd%gllLz < C(s) (IV Al llgllmro—1 + gl 1 Alls) -

2.1.7.2 A priori estimates

The goal is to prove that the sequence (T)ren has a strictly positive lower bound 7. In all
this section, one considers initial data such that (2.19)-(2.20) hold and define the sequences 6,
Uk, f* by (2.21)-(2.24) and T}, by (2.25)-(2.27).

Lemma 2.1.13. For all k > 0,

HatUkJrly

Hs=1 Ty < C(S,fo,Uo,QQ,R,’w)TV('U}). (231)
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Proof. Let t € [0,Tk11), then
100" [ =1 (8) < 3 MA(UM) 0 U oy, + 10(UR )1 1

One has to control each term, let’s start with b. One has,

6a<gkﬁwcuk—z»-wu«ﬂvdv>

k ok ) _ 1 — Jrs (f*) dv
Hb(U ?f )HHS_ Tht1 Z g0 < k uk - (uk[i v) :c<fk> dU) .
L2, Ty

o= T Jr (/%) do

Applying lemma 2.1.10 for |a| < s —1,

. fu“ﬁwvﬁﬁﬂw> ( s Vo (5 o
|a< = R o )|, S C@ el | T g
Jio ¥ ) do
+ o uf | || T e > (2.32)

Thanks to (2.25), one has

0" || -1 < |U¥|| a1 < || Uol|grs—1 + [[U* — Uyl =1 < C(Up,R).

Thanks to the Sobolev embedding H*~!(R3) < L*(R?), one has
lo*u" 1= < C(Qa)lle"u" |1 < C(22,Up,R).
Thanks to (2.25)-(2.28) and lemma 2.1.11, one has

H/ Va4 do|

f’“ dv

<o,

< TV (w)22 (Vg Pl F* [

< TV(w)2* (Vi) [l foll 2
< C(fo) TV(w).

So that, using (2.20), (2.29) and the previous inequality

‘ fR3 vz<fk> dv

1- fR3<fk> dv L
It remains to bound the last term in (2.32)

C(fo,w)TV(w).

fRB vT<fk> dv

. Again applying lemma 2.1.10

1_fR3<fk>dU Hs—1
and lemma 2.1.11, one has for |a| < s —1:
o ( fR3 v$<fk> dv >
1— fRs <fk> dv 2
k 1 k) 1

Swmﬂmwhmlwmwk ’va‘“mlﬁwmwm)

<€) (Ol TV () + CITV) | = )
1 fR5 > Hs—1
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1

[ T , one has

Hs—1

For the term

= 2

=
1= Jrs(f*) dv

o 1
0 (1 e ) dv)

Hs—1 |0¢|§s—1 1o
_ Z P,
lo|<s—1 (1 - fR3<fk> dv)q(a) L2 )

where P, is a polynomial in 9%(1 — [gs{f*) dv), and ¢(«) is an integer that depends on . One
can bound the numerator P, thanks to the inequality

[futrrad,

Hs

< (V)2
< TV(w)C(fo),

where we used lemma 2.1.11, and the denominator is bounded thanks to (2.28). As a conse-
quence, one obtains

| o ( o s V() dv)

1 — [rs(f*)dv
Next, one has the term

’aa R AT

1 — [rs(f*)dv
We have, using lemma 2.1.11

S C(Uo,fo,QQ,R,w)TV(w). (233)

L2

fRS V- Va:<fk> dv
L= Jrs (/") dv ||
Jrs 0+ Va(f*) dv >
Hs—1 .

1 — Jga(fF)dv
- 22| ¥l o (Vag) TV (w) < C(fo,w) TV (w),

Hs—1

<C(s) (II@’“I

L2

+ 0|z

H/stvxgk)dv

and,
H/R v Vo de| <O H/R Vo <O TVw)
SO
po (L Irav VAN g e ) R TV () (2.34)
I JwMde )|, = CFelot ' '

It is clear thanks to the previous inequalities that we have the bound

ot (fps v - Vo (f¥) dv)
1 — [gs(f) dv

S C(Saf07R7U07927w)TV(w)' (235)

Hs—l

For the term

oFuF (uk < s Vo (f*) dv)
1 — [ga(f*)dv

oFur @ v [gs V. (fF) dv
1 — Jgra(fF) dv

Hs—1 Hs—1
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we use the fact that €, is relatively compact and so ¢* is bounded from below by a constant
that depends only on €25. Writing

- oFuk (uk - Jrs Vo (fF) dv)
1 — Jgs(f*) dv

< C(s) (Hgkukr

L2
ub - [gs Vo (fF) dv
1= [gs(fF)dv ||,

)
Hs—1

< C() || " u”|| e,
LOO

Hs—1 H

uk - fR3 Var(fk> dv
1 — Jga(fF)dv

+ o u =

and

Qkuk

Qk

e = |

one obtains

k. k
Hu fRS V:):<f >dU S C(S,UO,fO, R7 QQ,U))TV(U])

1 — Jga(f*) dv

LOO
Therefore
uk - [, 3V<fk>dv> < Jrs Vo (f*) dv
o“ R® ¥ < (s uF| e |[2RZ
| ( 1— fR3<fk> dv 2 ( ) H ‘H 1-— fR3<fk> dv 00
fR3 V:v<fk> dv )
+ 'U,k oo .
[u"|z ey .
Writing
1
[0t 2 < C(5) <||Qkuk|Hsl L T, )
Q oo Hs—l
one notices that
1 P, (0%0%)
PNFN . = i@
9" ) lr2 (08)7 L2
1
< ——— | Pa (070" |12
I (0%) " | 1o
S 0(927R7 U0)7

where P, is a polynomial in 9%(¢*) and ¢(«) an integer depending on «. One gets

oFu” (u < Jrs Vo (fF) dv)
1 — Jgs(f*) dv

In the end, combining the inequalities (2.33)-(2.36)

< O(S,fo,R,Uo,QQ,’w)TV(UJ). (236)

Hs—1

Ib(T*, )]

Hs=1 Ty 14 S O(SaU07f07w7R7 QQ)TV<w)
We turn to the term

14U 0 U iy = D 10%(Ai(UM) 05, UMl 2 -

la|<s—1
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Using lemma 2.1.9 and the Sobolev embedding H*(R?) < L*(R3), one has for |a| < s — 1,

10%(Ai(UM)0:, U |12 1y, <[10((Ai(U*) — A3(T0))0,, UMY | 2.1,
+ 1 4:(T0) 0% (82, U ) || 2.y,
<C(s) (|4 (U*) = Ai(Uo)l s 1,4, 102, U oo 1,
+ 1 A1(To) | L= 73, 102, U
<C(s,09, R, Uy).

HS*l,Tkﬂ)

This completes the proof. O
Lemma 2.1.14. For all k > 0 and T € [0,inf(1,7}+1))

sup [[UM! — U,
t€[0,T]

e (t) < TC(5,R,Qy, Uy, fo,w, TV (w))el RS0 Uofaw V)T (2.37)

Proof. The function W*+! = Ukl — U, satisfies
S(UMOWH 437 (SA) (UM, W = S(UM)b(U* f*) + HF,
z W (z,0) =0,
with H* = — Zij(SAi) (U8, Uy. We look for a bound in H* of WL, The function 9> W+ satifies

S(UM,0°WHH +37(SA;) (U9, 0°WHrH
= S(UMo~(S~H(UMH" + b(U*, f*)) + F,

with F, = S(UF) ¥ (AZ-(U’“)(?IZ.(?QW’I‘:Jrl - 8"‘(Ai(Uk)8$iW’“+1)) . Moreover, one has

;@/ (O°WHET S(UR)9*WH dz
R3
1
:i R3 (aaWkJrl)T (atS(Uk> + Z a@(SAZ)(Uk)) 8C“Wk+1 dx
+ [ @ W TS(UR) g (s (U H
+b(U*,fY)) do + / (°WHHTF, dz.
R3
Up to time T}, U* takes its values in €, on which S and SA; are smooth. One can bound the

derivatives of S and SA; at any order by a constant that depends on €25. One also uses the
Sobolev embedding H*~1(R3) — L*°(R3) and lemma 2.1.13 to obtain the estimates

100" |z . < C(s)][0,U"|

11, < C(5,89, R, Uy, fo,w)TV(w),

HainkHLoo,Tk S C(S)Halek‘ Hs—1.Ty,
< CO(s) (||Uk — Ugllzs,1,, + 0o — Uy

wor,) < Cls,R,Up).
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Chapter 2 : An averaged thick sprays model

So that

S (U") + 37 0,(54)(U")

S C(S,QQ,R,Uo,fQ,w,TV(W))-

L0 Thpa
One now uses lemma 2.1.12 to obtain, for |a] < s

Ai(UM)0,,00WHT — 0% (A;(U)0,, WH1)

= ((4; (U") = 4;(Uo)) 00, WH! — 0 ((A; (UF) = 4, (Up) ) 0, WH) .
According to the previous inequality, one has

IFallze gy SISUM) i i, Cs) 2 (110%(A((U) = Ai(To) e 14

i
X ||axlwk+1 ||Hs_1,Tk+1

0, W e 1, [ A:(UF) = Ai(O0) e 1, )
<C(s,02,R,Uy).
One has using lemma 2.1.10
|sherstutmy|
< IS(UM) |z, > 10%(Ai(U*) s, Uo)ll 2,
< C(s,8)) Z 1 4;(U*) = Ai(Uo) | e 73|02, Uo| 11+

a1, + C|0,,Uo|

+ Z 102, Uo|| Lo 13, || i (U*) — 4;(Up)] H# T,
< C(;,QQ,R,UO).
It yields
1S(UH)O* (U )| 21,0 < C(5,R.fo, 025w, TV (w).
One now uses the estimate (2.30). For t € [0,T}41], one obtains
10" W |2 (1)
< CIOWH12(0) + 5105+ 500 (Sl [ 10°WH () dr

+ /Ot (IFallzz + ST (S~ (UHY) |2 + |S(UF)O (B(U*,f*)) | 12) dr.
Then one gets

19% WEE| (1)
t
S ||3aWk+IHL2(0) + C(S,QQ,R, Uo,f0> /() H@"‘WHIHLz (T) d’T

t
+ / (0(87927R7U0> + C<S7QQaR7 UO) + O(S7U07f05w7TV(w)7R7 QQ)) dr.
0
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2.1. Local-in-time existence of strong solutions to an averaged thick spray model

Summing for all |a| < s these estimates, one ends up with

WA (2)

t
< C() <||Wk+1| #:(0) + C(5.02,R Vs fo) [ WS [1(7) d7>
+ tC(S,R,QQ,UO,fo,UJ,TV(UJ)).
Thanks to Gronwall’s lemma, one has for all ¢ € [0,7] with 7" < T4
W s (2)
< C(Q) (IWHEH1:(0) + TC(5,R, 0, Uy, fo,w, TV (w)) ) 5 Fiofor Vo2 TV,
Choosing T' < 1, and since W**1(x,0) = 0, one obtains the claim. O

Lemma 2.1.15. The following inequalities hold for all T € [0,inf(1,T}11))

s[lollt:)F] Vit (t) < Var(0) 4 C (9,0, v, Ug) TV (w)T, (2.38)
te|0,
sup X5 (t) < Xar(0) + C(fo,Q2,w, 7, Ug) TV (w)T, (2.39)
te[0,7
L] <2l folli (Vie(0) + €@ UnTY. (240)

Proof. Recall the characteristic curves of the Vlasov equation

dxk+1

dt (tv CL',’U,S) = Vk+1(ta SC,'U,S), (241)
XM (s;x,0,8) = x, (2.42)
dvk+1
o (tw.0.8) = (Ve (X (1 ,0.).1), (2.43)
Vi (s;zv,5) = v (2.44)
One has, writting implicitly the equations (2.41) and (2.43),
t
Xt zv,s) = +/ V(1 xv,5)dr, (2.45)
t
VH( zw,s) = v — / (VP (XY (rz,0,5),7)) dr. (2.46)
We recall the notations
Xy t(t) = sup |z,
(z,0)ER3XR3, fhtl(t,xz,v)>0
Vit (t) = sup |v].

(z,0)ER3XR3, ftl(tz,v)>0
Then o
VA @0.0) = v — [(VEEXH (rw.0),7) dr,
t
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Chapter 2 : An averaged thick sprays model

and .
ol < VE @00 + [ 16" ]1=TV(w) dr.
0

One obtains .
V) < Var(0)+ [ [pH 1 () TV (w) dr.

And it yields (2.38). One proceeds similarly for X¥'. Using the formula (2.46), one has
x = X0z vt) + /Ot VY (i xw,t)dr
=X 0w o [ dr - [ VX (), ) dr
so, using lemma 2.1.11
X 0) < Xa0(0) + Vi (O)t + [ [ M= () TV () 07

And one obtains (2.39).
Moreover, one has, with lemma 2.1.11

k+1 d / k+1d
/R3<f > v R3f v Lee T

< 2wl pa | 5 g (Vi)
< 2% ||wl| 2 [| foll e (Var (0) + C(Q2,w, v, Ug) TV (w)T)?.

< [lwl|p:
Loo,T

We then obtain the main Proposition of this section:

Proposition 2.1.16. There exists T, € (0,1] which depends only on Qy, Qs, s, Uy, w and foy
such that, for all k € N, T}, > T,.

Proof. From lemma 2.1.14, one has

s[up] ||UkJrl — Ul (t) < TC(s,R, 9, Uy, fg,w,TV(w))eC(S’R’fo’UO’QQ’M’TV(“’))T.
te[0,T

The right-hand-side of this inequality defines a continuous function of 7" independent of k, with
value 0 if T = 0. Therefore, for all k there exists T, > 17 > 0 such that

s[up] ||Uk+1 — Ul (t) < T1C(s,R, 9, Uy, fg,w,TV(w))eC(S’R’ﬁ”UO’Qz’w’TV(“’))F‘F1
te[0,T

<R.

For the same reasons, using lemma 2.1.15, for all k there exists Ty, T3 and T} in ]0,7}) such
that

sup V]\]j[—i_l (t) S VM(O) + C<Q2aw> Y5 UO)TV(w)TZ S 2VM(0)7
te[0,7)

sup X5 (t) < Xar(0) + C(fo,Q2,w, v, Ug) TV (w) Ty < 2X,(0),
te(0,7)

H/R3<fk+1>dv

e < 2%Jw|| 1| fol o (Var (0) + C(Qa,w, 7, Up) T4)?

< 2%[Jw] 2|l foll L= Var (0)°.

Let T, = min(T},75,73,Ty) then for all £ € N, T, > T, > 0 and the bounds (2.25)-(2.28) are
verified. O
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2.1. Local-in-time existence of strong solutions to an averaged thick spray model

2.1.8 Convergence of the iterative process

The goal of this section is to prove

Proposition 2.1.17. We consider initial data such that (2.19)-(2.20) hold and the associated
sequences U*, f* defined by (2.21)-(2.24). Let T, given by Proposition 2.1.16.
Then one can find Ty, € (0,T,) such that, for k > 2,

1 B 1 _ _
U — UM, < EHU’C — U e, + ZHUk LU e, (2.47)
15 = e, < C(fo,207)TV(w) U = U2 12, (2.48)

Proof. Let k > 2. The function U**! — U* is solution of the system
3
S(UMG, (UK — U + D ((SA,(UF) — (SA;) (UR)a,, (UF! — UF)
=1

( k) (Uk 17fk 1>+Fk>
with ,
Fj, = (S(UF) — S(U")0,U" + Y ((SA;(UF 1) — (S4;)(U*))o,, U .

i=1
Thanks to lemma 2.1.8, one can write

0~ 00
<CGIASUY) + X 00 (SAN U w10 = Ulus(r) e

+ [ () + (U7 = B(UR, P20 () ).

Then, by Gronwall’s lemma, inequalities (2.25)-(2.31) and the fact that S and SA; are smooth
on 2y which is compact, one has

C(Q2)]10:5(UF)+3 ami<SAi><Uk>||Loo,T*)T*
UM — U*|| 2 () gce( i

t
X /0 (IFxll L2 (r) + [[6(TF, f5) = b(UF, 2|2 (7) dr
SC(QQ)eC(S,QQ,R,Uo,fo)T*T
X (I1F %]l 22z, + [10(TEF5) = 0(UF AN 2 1),

The goal is then to obtain inequality (2.47).
To bound to right-hand-side of this inequality, one first notices that the first term verifies
|Fellze < C(s,022,R,Up, TV(w))||U* — U*|| 12 7,. It remains to bound the term
1b(U*, ) = b(U* Y F ) |2,
ol ) T by 4 sl ) T

1 — [gs(fF)dv <fk 1>dv
Ful fo (uh — o) - V() dv " tut 3. e
b frt S do L e (1)
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Chapter 2 : An averaged thick sprays model

One has, making use of lemma 2.1.11

’ Qkuk : fR3 Va:<fk> dv B Qk_luk_l ) fR3 Vx<fk_1> dv
1 — [rs(f*)dv 1= [ra(f*1) dv

12T,

1, ke1y Jre Valf*) dv
< |l(Fub — o1k -
( ) 1_fR3<fk>dU L2.T,
1| gF ekt <fR3 V. (f*) dv _ Jrs V$<fk1)dv>
1— fR3<fk> dv - fR3 <fk_1> dv L2.T,
1, ke Jrs vx(fk> dv
< Jlofuk — oYY e g,
H HL ,T —fR3<fk> d'U Loo,T*
1
T Ty T ’ V. (fF— 1y g
lo" " u" || 1 — 24| wl| 121 Var (0)3 fo oo /RS (f [ dv .
1
C(fo)TV(w U* — U
Lo TV )H1_24|yw|yL1vM(0)3fo . a2z
1

15 = e,

Lo°

+ C(fo,R)TV(w) H

1= 24w|[ 1 Var (0)* fo
< C(fo0) TV (w)[[UF = U2,
+ C(fo, Rw) TV ()| f* = f*7 2z,

Similarly, because of the inequality

H/ f’C 1vdv <
R3 L2T,

s x

CUflf* = e

one has

O Jrs v Vo(ff)dv o s v Vi (f* ) dv

1 — [gs(fF)dv 1 — [ra(fF1) dv L2 T,
1
< C(fo)TV(w Uk — Ut y,.
(o) H1 m G L laz.z.
1

+ C(fo,R)TV b k=,
(fU ) w) Hl —_ 24Hw||L1VM(O)3fO . Hf f ”L T
< C(fow)TV(w)|[U* = U Y|z, + C(fo, Raw) [ f* = f* 7|12,

In the same way

‘ o'ut Jr3 v - Vo (f*) dv B oF k! Jrs v - Vo (fF 1) dv
1 — [gs(fF)ydv 1 — [gs(fF~1)dv L2T,
1
< O(fo)TV(w [SAER Vi
(fo) H 1 — 24wl 11 Var(0)3 fo Lo | ”LQ,T*
1

+ C(fo,R)TV(w) Hl — 24||lw|| 12 Var(0)3 fo Lo ka - fkilHLQ,T*

< C(fo,w)TV(w)||[U* = U127, + C(fo,Rw) || f* = f* 2, -
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2.1. Local-in-time existence of strong solutions to an averaged thick spray model

For the final term, one notices that

ofuf [gau Vo (ff)dv P lub Tt Rauft V() do
L= Jpa{ff)do 1 — Jpa(f*1) dv

12T,
e Jrs Vo (fF) dv k:
<|lo"u* — o 2, |w”[| o7,
1- fR3 <fk> dv LT,
1

o e H

1= 2%w|[£1Var (0)* fo

LOO

[Vt =

x max (||| g, [t | e )

2T,

Moreover, because that for all k, U* € Q, which is relatively compact in (0, + co) x R3, the
quantity o is bounded from below for all k£ by a constant that depends only on Q. So that
one has, for all k£ > 2

kuk
st = ] U o)t
Q LOO
So
‘ ofuP [psu® -V, (fF) dv B A VA N T R VN L N U
1- fR?’ <fk> dv 1- fRB <fk_1> dv L2.T,
< C(fo,w, Q) TV(w)||U* = U Y 12, + C(fo,Raw, Q) TV ()| f* = ¥ |21
In the end

[6(U*, %) = b(U 1 Y| 12m,
< C(fo,w, )TV (w)||[U* — U Y| 20, + O(fo,Rw, Q) TV ()| 5 — f* 22, - (2.49)

The goal is then to control the term || f* — f*71| 124, by [[UFF — UF2|| 2 1.
The function f* — f*=! verifies

at(fk o fkfl) tou- Vx(fk o fkfl) o <Vpk71> X Vu(fk o fkfl)
= ((VP"1) = (Vp"7%)) - VL

Moreover f*(x,v,0) — f*!(x,v,0) =0, so
t
(= D @od) = [ BER (rewd), Vi (mad)) dr
0

with
B = (V9! = (VpF2)) - Vo .

One writes

175 = P e 0) < [ 1Bl (7)
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Chapter 2 : An averaged thick sprays model

then one has, using lemma 2.1.11, the following for B in the L?-norm,

1Bllze < [Vof* Mzl (VP ) = (VP )22
< Vo =TV (W)l (") = (0" 72) 2.

One needs to bound V, f* in L. The function V, f* verifies
at(vvfk) +v- vxvvfk - <Va:pk_1> ’ vvvvf]c = _vacfa

where - is understood as a matrix-vector product. Therefore, the characteristic method yields
the formula

vak(a?"(),t) :V’UfO(Xk_l(O; $7v7t)7 Vk_l(oa :I:,’U,t))
t
— [ VX ), VE (). n) dr.
0

which yields, for ¢ € [0,T})

IVl 8) < IV ufollim + [ IV () dr
Similarly, the function V, f* verifies
O(Vaf®) + v VoVuf* = (Vap"™) - Vo Vo ff = (Vo Vap" ™) - Vo fY
Again, applying the method of characteristics
Veff(xvt) = Vo fo(XEH0; 2,0,t), VITH(0; z,0,1))
+ /Ot <vaxpk_1(Xk_l(T; m,v,t),7)> Vo (XY zw,t), VI (2 ,t) ) dr,

and, with lemma 2.1.11

IV f = (6) < 1V folloe + | VT N, IV e () dr
< IVefollim + Cs,7 R 00TV (W) [ [Vuf i ()
It is a consequence of Gronwall’s lemma that for ¢ € [0,7}]
IV fH e (8) + VoSl (t) < C(s, R fo.022,7, TV (w)).

Then, applying the mean value theorem to z + 27 and using the fact that {25 is relatively
compact in € yields

1Bl 2() < [[Vo /5| Lo (£) TV (w) sup 727 oo 0" — 0" 212 (8)
< C(5,R, fo,.02.7, TV (w)) TV(w)[[ U = U2 121, ,
and

1£* = £ 22 (t) < tC (s, R fo, 2,7, TV(w)) TV (w) [UR! = U2 | (1),
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2.1. Local-in-time existence of strong solutions to an averaged thick spray model

Finally, using the inequality 7, <1,

16(U*, %) = o(U*, F D 2,
< C(f()?wa QQ)TV(w)HUk - Uk_1||L27T*
+ C(SaRaf(]?QQaﬁ)/?TV(w))Tv(w)HUk_l - Uk_zHL27T*'

So that one obtains for all ¢ € [0,T})
[O*! — U¥| 2 (2)
< O(R, fo,U0, ., TV (), )T, (U = UMYz, + U = U212, ).

This inequality is also valid if one replaces T} by T, € (0,7}). In particular, one can chose T},

such that .
C(R,fO,U(),QQ,U),TV(U)),’}/)T** < 1

This concludes the proof. O

2.1.9 Proof of Theorem 2.1.5

The proof of Theorem 2.1.5 is divided into three parts. First we prove the existence in the case
of smooth compactly supported initial data. Then we treat the uniqueness in this case. Finally
we explain how to modify the proof to obtain the result for general initial data.

Proof of Theorem 2.1.5.
1) Existence for smooth compactly supported initial data. From Proposition 2.1.17,
one has

YoUM= U2, < +oo.

keN
Then the sequence (U*);, is a Cauchy sequence and converges in L*=(0,T},; L2(R?)) to U. Since
U* is smooth for all k, we have U € €(0,T.,; L*(R?)). In the same way,

o = e, < oo
kEN

Then the sequence (f*); is a Cauchy sequence and converges in L>(0,T,,; L*(R3 x R?)) to f.
Since f* is smooth for all k, we have f € €(0,T%; L*(R? x R?)). Thanks to the inequality
(2.25), one has ||U — Ugllgsr,, < R and U € L>*(0,T,; H*(R?)). In particular, thanks to
the Sobolev embedding H*(R?) — ¢!(R?) (remember that s > 3/2 + 1), one has that U €

L>®(0,T,; €1 (R3)) takes its values in €. For the same reasons, f € L>(0,T,,; H*(R3 x R?)).
0,Tsx; H*(R3)
5

: G
We emphasize however, that we do not yet have U* ( ) U. To get the convergence
in €(0,T,,; ¢'(R?)), we use an interpolation argument. By interpolation inequality between
Sobolev spaces, we have for all s € (3/2 + 1,s):

||Uk+1 _ Uk”HS',TH < C’(S)HUkH _ UkHZ:THHUkH _ Uths//s

L2,T**
< O(s) (UM = U5, + IIU* = U35,
x [UF = UM

< C()2R°|[UM — U132
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Chapter 2 : An averaged thick sprays model

So (U*),, converges to U in €(0,1,,; H¥ (R?)) for s' € (3/2 +1,s). By the Sobolev embedding
H*(R?) — €' (R?), we conclude that

o1 3
U COTE R®Y)

Then (@;iUk’)k converges to 9., U in €([0,T},] x R?). The same is true for (Ei Ai(Uk“)aink)k
because the A; are smooth. We now turn to the convergence of

0" Jrs(u* —v) - Vo (f") dv

- 1 —f 3 fk dv
b(Ukafk) = Qkuk ng(ukPi SJ) >Vx<fk> dv

1= [gs(fF)dv
The support in v of f* is uniformly bounded for all k, therefore, using that (f*) converges in
L>(0,T; L*(R?xR?)) towards f and a Cauchy-Schwarz inequality, the sequences ( Jrs fF dv)k

and (ng 'vfk>k converge in L>(0,T,,; L*(R?)) towards [gs f dv and [gs vf dv. Then, using the
inequality

)

Hvx/R3<fk> dv < TV(w) H/R3 fFdv

we get that the sequences (ng V(") dv)k and (fRs v - V. (f*) dv)k converge in L*°(0,T,,; L*(R?)).
Using again the interpolation inequality between Sobolev spaces, we obtain that ( Jrs Vo (fF) dv) i
and (ng v - V. (f*) dv)k converge in

L(0,T,; H (R?)) towards [gs V. (f) dv and [gs v -V, (f) dv and therefore in €'([0,T},] x R?).
Furthermore, since [gs(f*) dv converges to [gs(f) dv in €([0,T}] x R?) (again using an inter-
polation argument) and using the inequality (2.28) we obtain that

H Hs

< 400,

LOO

1 — Jga(f)dv

1 1 : 3 : k ok
and <1_fR3<fk>dv)k; converges to e % ([0,Ty] x R?). Finally b(U" f*) converges
towards b(U, f) in € ([0,T.] x R?). We now prove that

o1 3
o, uk TOTHE R 5 .

Passing to the limit in D’ in the equation

3
O, U" = =3 A;(U*)0,, U + b(U*, f),

=1

we obtain that U solves
3
i=1

in D'. Since the right-hand-side defines a function in € ([0,7}.] x R?), we have 9, U € € ([0,T,.] x
R3) and U solves (2.50) in the classical sense.
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2.2. Weak solutions

We now turn to the Vlasov equation. We pass to the limit in D’ in
atfk+1 +o- fokJrl _ Vm<<gk)'y> . Vyfk+1 = 0.

We already know that (¢*);, converges to o in €([0,T.] x R?), so does ((g’ﬂ”)k towards o7,

finally we have V,((0")7) converges towards V,(0?) in ¢([0,T.,] x R?). So we can pass to the
limit in the sense of distribution and f is a solution in D’ of

Ouf +v - Vof — V(o) - Vof = 0. (2.51)

Now, using the fact that the characteristic curves of f are ¥ because U is €, we obtain that
fecH[0,T., ] x R® x R3) and f is a solution of (2.51) in the classical sense. This concludes
the proof in the case where the initial data are smooth with compact support.

2) Uniqueness. For the uniqueness, we consider two solutions (o', o'u!, f1) and (02, o*u?, f?)
which are smooth in [0,7]. Then, using the same algebra as in Proposition 2.1.17, one has for
some T, € (0,T),

1 1
U = U127, < EHUl — U2, + ZHUl — U2,

Hfl - f2HL27T** S C<Q2787R7f0)“U1 - U2HL2,T**‘

As a consequence, Ul = U? and f! = f2.

3) General initial data. We turn to the case where gy — 1 € H*(R?), u € H*(R3) and
fo € €}HR3 x R N H*(R? x R?). We introduce an approximation of the identity ¢., with
er = 2 %y, with g9 small enough. Then we define U’g = ., * Uy and fé“ = (e, @ @) * fo,
where the convolution and tensor products are in (z,v). With such a choice, one has (see [110])

S UEFL —UE||e < 400, S 1A = fE]le < +oo.
keN keN

The solution is then obtained by the same approximation scheme but we replace the initial
data by U and f¥*'. The proof is then similar, except for two small modifications. Firstly,
one has to prove estimates on U* — U} instead of U* — Uy, this is where we need to chose &g
small enough. Secondly, the estimates (2.47)-(2.48) are replaced by

1 B 1 _ _
[UF — U2, < ZHUk — U Mo, + ZHUk L UM e, + CUGH — UG 12,

and
1" = M e, < C(fo, 0, TV(w) NIUP = U2 g, + (1f5 — £ 2.

2.2 Weak solutions

The construction of weak solutions for the thick spray model discussed in this thesis presents
different difficulties compared to the construction of strong solutions. Below, we briefly discuss
two axis of research for the construction of weak solutions. For now, the construction of weak
solutions is a problem that appears too challenging for these techniques.
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Chapter 2 : An averaged thick sprays model

2.2.1 Construction of weak solutions for the regularized thick spray
model

In the introduction of this Chapter, we mentioned that in the original thick spray equa-
tions (4.1), the presence of the term V,p - V,f makes the construction of weak solutions a
challenging problem, because the standard theory can at most handle a force field in BV [3,4].

A natural question after introducing the system (4.4) is: Is it possible to construct weak
solutions of this system? Let’s have a look at the following Vlasov equation in 1D:

O f +v0uf — (Oup)Ouf = 0.

Now, if for all ¢, p(¢,-) is in BV N %>, one has

(O.p)(@) = [ w(e = y)ouply) dy
= /x H Oxp(y)dy
— p(z +1,) — plz — 7).
Then if p(t,-) is in BV, we define the term (9,p) by
(Owp) =Ty, — Ty, D

where 7, is the translation by y. Then one can write the Vlasov equation as

atf + Uaﬂcf - (Trpp - T—Tpp) avf = 0.

In principle, one could then construct a weak solution of this equation, following [3].

2.2.2 Weak solutions for the thick spray model

Let us make some comments about the construction of weak solution for the thick spray model
without regularization (4.1). From the point of view of the applications, it is highly desirable
to be able to simulate shock waves in flows described by the thick spray system [64].

If f =0, then (4.1) become the isentropic Euler equations, and then shock waves (that is,
solutions that are piecewise smooth with discontinuities) are described by weak solutions in the
sense of distribution [68].

If f is a given function, then the fluid part, which writes

Oy (o) + 0y (aou) =0
Or(cvou) + 0 (cou?) + adyp = 0

is the same equations as the isentropic Euler equations for a single fluid in a nozzle of section
a [68]. Weak solutions in the sense of distribution are not appropriate for this system. Indeed,
the problem comes from the presence of the nonconservative product ad,p. In the case where
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2.2. Weak solutions

« and p are discontinuous, this product makes no sense in the framework of distributions. Dal
Masot, Le Floch and Murat proposed a theory to give a sense to such product [39]. This led
to numerical schemes specificly designed to tackle this kind of problems [1,30,33,75,98]. In
the following, we present some exploration work on how to define weak solutions for the thick
spray system and if the theory developed in [39] is suitable to handle this kind of problem.

Let us give a brief presentation of the theory developed in [39] for nonconservative product.
Typically, such nonconservative products are of the form g(u)d,u, where g is a continuous func-
tion and u a piecewise smooth function. Formally, the aim is to give a definition to products
of the type H¢é where H is the heaviside function and ¢ is the dirac Delta distribution.

Let ¢ be a lipschitz continuous map ¢ : [0,1] x R x R — R satisfying the following prop-
erties

« Vpopt €R,Vs € (0], ¢(0.p7p") =p~, é(Lp~.p")=p",
« k>0, Vp~p" €R, Vs €[0,1],|0:0(s.pp")| < klp™ —p*] .
Then, the following definition of nonconservative products is based on this family ¢

Definition 2.2.1. Let u : R — R be a function of bounded variation, so that its derivative
% defines a Radon measure, and g : R — R be a continuous function. Then, there ezists a
unique real-valued bounded Borel measure i on R characterized by the following properties :

1. If u is continuous on a Borel set B C R, then

w(B) = [ o) d

2. If u is discontinuous at a point xqy, then

ilfo}) = [ 9®(s; uleo—) ()00 (s; o).l ) )ds.

We say that p is the nonconservative product of g(u) by Z—g and we denote

= [g(U);h;L-

In the fluid part of the thick spray system (4.1), there is actually a way to get rid of the
product ad,p. One possibility is to replace this equation by the conservation law of the total
momentum, then the fluid part writes in 1D

on + 0.q =0, (2.52)
_ 2 ol

0iq + Oy <(qffvdv) + m, / fo? dv) + O0.p (n) =0, (2.53)
n o

with n = ap and ¢ = apu + m, [ fvdv. If f is a given smooth function, this system is conser-
vative and it is possible to define weak solutions in the sense of distribution (with regularity
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Chapter 2 : An averaged thick sprays model

in BV). However, there is still a problem for the Vlasov equation, which writes (ignoring the
friction which does not cause any issue)

Oif + vy f — Dypdyf = 0. (2.54)

The problem with the Vlasov equation seems to be even more difficult because f could have
discontinuities in  and v. In this case the product 0,pd,f is a nonconservative product and
the standard theory of distributions is not adapted to deal with this kind of products. In the
rest of this section, we investigate if the Definition 2.2.1 of a nonconservative product given
by [39] is a good tool to define weak solution for the system (4.1).

We propose the following definition of weak solution for the equation (2.54)

Definition 2.2.2. Let ¢ be a Lipschitz continuous path and p € L*(0, 4+ co; BV(R)). We say
that f € L>(0, + oo; L}, N L, N BV,) is a weak solution of the Viasov equation

6tf + vaxf - a;cpavf =0,
if, for every ¢ € D((0, + ) x R, x Ry),

oo +o00
/0 /1 / ) (0 (t,x,0) + vO((t,x,v)) f(t,x,v)dvd:z:dt—/o /x /Rv [prf]¢3vg(t,x,v)dvdxdt =0

A natural scenario that we would like to capture with the Definition 2.2.2 is the following;:
A stream of particles hitting a shock wave, without enough kinetic energy to pass through it, so
the particles will bounce on the shock wave. Another similar situation is a stream of particles
accelerated by a shock wave catching it up. A prototype solution would be like this

f(t,l‘ﬂ]) = 1[0’t,+OO[X[U1,+—U,U2,+—O'} (CL’,U) + 1[0’t,+00[><[’l}177—0',1)2,7—0'] (.I',U).

It turns out that Definition 2.2.2 does not include such profiles. This is the subject of the
following lemma:

Lemma 2.2.3. Let ¢ be a Lipschitz continuous path. Let f be a function of the form
f(@0,t) = Lot yooixfor 4 —ows s~ (T:0) + Lot oo [v1,— ~0,0s, - o) (Z:0)-

There exist ( € D(R3) such that

/ (0 (t,x,0) + v0,((t,x,w)) f(t,x,v)dedvdt — / (0. £, 0uC(t,,0)ddvdt # 0.
R3 R3

Proof. Let ¢ € D(R?), we write, thanks to the change of variable y = z — ot, w = v — o

/ (0 (t,2,0) + v0.((t,x,0)) f(t,z,v)dedvdt — /R3 [0 f], 0uC(t,2,0)dudt (2.55)

R3
1

= [RB (&tf(t,y,w) + v(‘)yf(t,y,w)) 9(y,w)dydwdt — /R2 (/0 f(¢(s),v,t)¢’(s)ds) &JE(t,O + v — o)dvdt.

(2.56)
The first term yield

/RB Orp(t.y,w)g(y,w)dydwdt = —/Rz ¢(0,y,w)g(y,w)dydw = 0
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2.2. Weak solutions

and
/ \ woy@(t,y,w)g(y,w)dydwdt = — / ) w(t,0,w)g(0 + ,w)dwdt.
R R

For the second term :
(] 1 F(6()0)6 (5)ds ) AL (10 -+ 0 — o)t (2.57)
-/ 3 ( | 1 f(qb(s)m,-,t)qﬁ'(s)ds) (80 + v — o)dt (2.58)

We then choose ¢ so that only é(t,O,v — o) for v; 4 < v < vy is positive, which is always
possible. Then we have

/R3 (0 (t,xv) + 00, ((t,x,w)) f(t,z,v)drdvdt — /R3 0. f 5 0uC(t,,0)drdvdt (2.59)
- — /R2 wl (t,0,w)g(0 + w)dwdt < 0. (2.60)

]

This result can be extended if we replace f by a regularized version in v. From this result,
it seems that Definition 2.2.2 is not adequate to work with this kind of problem.
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Chapter 3 : Spectral theory for the linearized thick sprays equations

Summary

The aim of this chapter to study a linearized thick sprays model. We show analogy at the linear
level between the thick spray system (4.4) and the Vlasov Poisson equations of plasma physics.

This chapter is divided in two part. The first part corresponds to a joint work with Christophe
Buet and Bruno Després accepted in Communications in Mathematical Sciences [28]. We re-
cast the system as a linear Schréodinger equation and we prove that the corresponding operator
only has absolutely continuous spectrum. This proves that the system display an analog of the
Landau damping and one observes a decay of the acoustic energy. We also present numerical
illustration showing such effect.

The second part is based on the proceeding [62] accepted in ESAIM: Proceedings and Sur-
veys. The goal is to discuss instability properties of the linear thick spray model without
friction, still taking the Vlasov Poisson system as a guide for the analysis. We also present
numerical illustrations inspired by typical plasma physics test case.

3.1 Introduction

Collisionless motion of an electrostatic plasma is well-described by the Vlasov-Poisson system

E =VA~! (g fdv). (3.1)

{8tf+v-vwf+E-VUf:0
It is known since the seminal work of Landau [81] that such model can exhibit a decay of the
electric field for large times. This property of plasma, known today as Landau damping, has
received a lot of interest since then and there exists an extensive literature on the linear Landau
damping and more recently on the nonlinear Landau damping. See for example [40, 96, 113]
and the reference therein. See also [15,69,70] for similar effect in other systems.
In this work, we present new results of linear damping properties of solutions of a multiphase
model describing suspensions of particles in a underlying gas. Such complex flow is usually
refered to as a spray [45]. A typical system which describes this kind of spray writes

of+v-Vuf+V, - (Tf)=0
O(ap) + V- (aou) =0 (3.2)
Fh(aou) +V, - (cou @ u) + aV;p(0) = Dy Jgs(v —u) f dv.

In (4.4), the first equation is a Vlasov-type equation and it describes the evolution of the
particles through a distribution function f = f(¢,z,v) > 0 in the phase space T3 x R? for times
t > 0. The second and third equations of (4.4) are the barotropic compressible Euler equations
and they describe the evolution of the density o = o(t,2) > 0 and the velocity u = u(t,z) € R?
of the fluid, for times ¢ > 0 and € T3. The system (4.4) describes the so-called thick sprays
regime, in which the total volume occupied by the particles is not negligible compared to the
one of the fluid. This has the consequence that the fluid and the particles are coupled through
the following quantities. The first quantity is the volume fraction of the fluid o = a(t,x). It is
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3.1. Introduction

linked to the f by the formula

43
alta) =1 /R f(ta,v)dv.
Here, we assume that «(t,x) € [0,1]. This is in strong contrast with the thin sprays regime where
this quantity is assumed to be very closed to 1 and is therefore absent from the equations [12].
The radius of the particles 7, > 0 is a constant in this work. The force field acting on the
particles I' := I'(¢,x, v) is given by

F(t,w, ’U) = —pr(Q) 1

It is composed of two terms. The term —V,p(p) is a specific feature of thick sprays (it is absent
in the thin sprays regime). The term D, (v — u) is a drag force exerted on the particles by the
fluid. The retroaction of the drag force on the fluid appears in the third equation of (4.4)
through the term D, [gs(v — u)f dv and is sometimes refered to as the Brinkman force. The
drag coefficient D, > 0 is usually given in a semi-empirical manner.

This model can be used to describe various physical phenomena at different length scales,
such as aerosols for medical use [24,25], the combustion in engines [5], aerosols in the atmosphere
[90], and also in astrophysics for the modelling of gas giants and exoplanets [66]. See also
[17,23,46,53,63,97,118|.

In parallel with the system (3.25) where collisions are neglected, we neglect the drag force
in (4.4). Thus, D, = 0 and the model problem that we will use in most of this work writes

atf +v- fo - V:cp(Q> : va =0
O(ao) + V- (apu) =0 (3.3)
O(aou) + V, - (apu @ u) + aV,p(o) = 0.

A description of our main results is the following.

(i) The first result investigates damping properties of small perturbations of homogenous
profiles at the linear level. It is described in the Theorem 3.2.1 below. We linearize the
system (3.3) around a reference solution and we analyze the decay of the perturbation
in L? norm. We adapt ideas from plasma physics [34,43,44] and exploit the scattering
structure of the linearized system, rewriting it as a linear Schrédinger equation of the
form

d .

—U=1¢HU.

dt
The analysis is based on a careful analysis of the spectrum of the unbounded operator H.
The main difficulty is that the system at stakes is more complex than the Vlasov-Poisson
system, making the computations more tedious.

(7i) The second result is the computation of the rate of decay of the perturbation of the
linearized equations for analytic initial data. Mimicking computations done by Landau
[81] for the Vlasov-Poisson system, we obtain the dispersion relation of the linearized
system. This function is written as the sum of the dispersion relation of the Vlasov-Poisson
equation and an additional term which is specific to the model (3.3). The computation of
the dispersion relation is done in the Proposition 3.2.5 below. Then, we formally derive
an expansion for the perturbation of the density.
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Chapter 3 : Spectral theory for the linearized thick sprays equations

(7i) Finally we show numerical simulation illustrating the damping investigated in this pa-
per. We present schemes for the linearized and the nonlinear equations. The schemes are
derived from classical methods. It shows that the damping predicted by the linear equa-
tions is observed in the linear and the nonlinear simulations. We also present preliminary
formal and numerical results for the case with nonzero friction D, > 0.

Overview of the Chapter. This chapter is organized as follows. In section 3.2.2, we prove
Theorem 3.2.1. In section 3.2.3, we show formal computation leading to the dispersion relation.
In section 3.3, we show numerical results illustrating Theorem 3.2.1, and we show that the
computation done in section 3.2.3 are verified numerically. Finally in section 3.4, we discuss
remaining open questions about this work.

3.2 Linear Damping

In this section, our aim is to analyze the damping properties of the system (3.3) in the lin-
ear regime. We follow a classical approach where we linearize the equations around gaussian
equilibrium. In contrast with plasma physics, the physical validity of such equilibrium is ques-
tionable for thick sprays, and should be justified. Another possibility is to use a more general
class of equilibrium as in [27]. In this work we limit ourselves to gaussian equilibrium since it
simplifies the equations and already brings valuable insight on the mathematical structure of
the system.

3.2.1 The linear thick spray model

We consider the following homogeneous solution of (3.3)
o(t,x) = 00 >0,
u(t,x) =0,
Ft@,v) = f(v) = Zoe P2,

where the density ng = [gs f° dv is related to the volume fraction aq by

4
1— gwrgno =g € (0,1). (3.4)

Following [27], we perform the linearization
o(t.@) = go +eo1(t.@) + O(e?)
u(t,x) = euy (t,x) + O(e?)
f(taw) = fO(v) + &/ f(v) fi(t,@, 0) + O(?).

Dropping the quadratic terms and the subscripts, one obtains the following linear thick sprays
equations with 7(t,x) = —o1(t,x)/0% and ¢y = /p'(00)

4
Q000 T = oV, - u + gmf;vx . /RS v\/ﬁf dv
ap0p0ru = ao@%cﬁvﬂ (3-5)
Of +v-Vuf —osci\/fo(v)v -V, =0.
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3.2.2 Spectral theory for linear thick sprays

The main result of this section is the following.

Theorem 3.2.1. Let O = fO(v) satisfies (3.4), and initial condition (Tini,Wini, fini) € L?(T3) x
(LA(T?))® x L2(T? x R3) such that

// fmi(az, 'U) dvdx = 0, / Tini(a}') dox = O, / 'u,ini(a:) dz = 0.
T3xR3 T3 T3

Then ast — +oo the solution (7(t,-),u(t,),f(t,-,-)) of the linearized thick sprays equations (3.5)
with initial data (Ting,Wini, fini) verifies

I @2 + [u(®)]l2 = 0,
and f(t,- ") converges weakly to 0 in L*(T? x R3).

Remark 3.2.2. As the quadratic energy [rsygrs |f)?dzdv + [gs |T]* + |ul*dz is conserved,
Theorem 5.2.1 implies that all the acoustic energy is transferred to the particles. It will be
visible in Figure 3.3 where fast oscillations show up in the velocity variable. It is known in the
plasma community as filamentation.

The proof of Theorem 3.2.1 is done using tools from spectral theory [79,84]. For the sake of
simplicity of the notations, we place ourselves in 1D, but the proof is valid in dimension d € N*.
After setting all constants to 1, the system (3.5) rewrites

(9tu = (917' (36)

We start from initial data (7in;, wini, fini) satisfying

// fini(z,0) dvdx = 0, / Tini () dz = 0, / upi(x) dx = 0.
TxR T T

One can show that solutions of (3.6) conserve the quadratic energy

(if <//TxR |fI> dvda + /r 17> + |U|2d$) = 0. (3.7)

Functional setting We define the following functional spaces

[X(T) = {u e LX(T), /Tu(x) dz = o} ,

nd
) [X(T xR) = {feLQ(TxR), //FXRf(x,v)dxdv:O},

and

(3(2) = {u e ®(2), uy=0},
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and the unbounded operator H : L(T) x L(T) x L3(T x R) — L%(T) x L3(T) x L3(T x R),

by
0 Or O Jrvy/fOv) - dv
iH = Oy 0 0 ,
vy/fo(v)0, O —00,

with domain
D[H] = {(ru,f) € LAT)xL3(T)x L(TxR), such that 9,7 € L*(T), d,u € L*(T),vd,f € L*(TxR)}.
The system (3.6) rewrites as a linear Schrodinger equation

d
—U=¢HU, U= )
dt Z ) (7—7u7f)

To study the operator H, we introduce the Fourier transform F : L3(T) — ¢2(Z) defined by
F)(E) = fr = /T e~ () da, Yk € Z.

In this context, the Fourier inverse F ! : ¢3(Z) — L3(T) is well-defined and F is a unitary
operator. Denote (3 L% = F(L:(T x R)). We work in the Hilbert space

X = (Z) x (3(Z) x 2L,

equipped with the hermitian product
(ruf) (o g)x = X nor+ X wam+ Y [ filo)g) do.
kEZ keZ kez 'R

We introduce k the operator defined by (k7), = k7 for all k € Z. Let H : X — X the

operator defined by
0 1 [goy/fOv)- dv

vy/fOv)- 0 —v

with domain
D[H] = {(ru.f) € X, such that  kr € (*(Z), ku € (*(Z), kof € L2}

By construction, H and #H are unitarily equivalent. The system (3.6) rewrites in the Fourier

space, as

d .

Proposition 3.2.3. The operators H and H are self adjoint.
Proof. Let us write H = Hy + K, with

0 0 Jguvy/fw)- dv

Ho=k|1 0 0|, K=k 0 0 0 ;
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with domain

DIK] = {(T,U,f) € X, k/Rm/fO(v)fdv € (2(Z), ko/fO(v)r € ziLi}.

Let us show that (Ho, D[Ho]) is self-adjoint. A simple computation show that #, is symmetric,
(HoUV)x = (UHoV)x for all U, V € D[Hy]. It remains to show that D[H;] C D[H,].
Let (o,w,g) € D[H]. By definition of the adjoint, for every (7,u,f) € D[H,], there exists
(s,w,h) € X such that

<,H(Tau7f)’ (vaag)> = <<Tauuf)v (S,Cd,h)).

In particular, for

wl[[—n,nﬂ
(T,U,f) =k 0_1[[7n,n]] )
_Ug]-[[—n,n]]x[—m,m}
one has
(Ho(Tu,f), (ow,g)) = > k> |wk]2 + > E|op|* + > / k20? \gk|2 dv
k=—n k=-n k=—n’"M
= <(T7U’7f)7 (S7w7h)>X
< |lmuflix|sw.hlx
n n n 1/2
4ZWWHZMW+2/M%mm4wwm
k=—n k=—n k=—n’"T
So

n n n m 1/2
[ZWWHZMM+Z/%me4smmm
k=—n m

k=—n k=—n""
and, taking the limit m,n — oo, it yields
kw € (*(Z),
ko € (*(Z),
~kvg € L2,
This show that H, is self adjoint. Moreover, the operator K is clearly symmetric, and D[H,] C
D[K]. Furthermore

2

KDl = Sk [ 0P @)nfdo+ 3 &

[ oV s av

keZ keZ
§/ UQfO(v)dek:2|7'k|2+n02k2|uk|2—|—/ fo(v)de/ v k2| fi.(v)]? dv
R k€Z keZ R kez 'R

< nolHo(r,u. )%

So the operator K is Ho-bounded. Thanks to the hypothesis (3.4), ng < 1 and the Kato-Rellich
theorem applies. One concludes that H is self adjoint on D[H] = D[H,]. Since H is unitary
equivalent to H, the operator (H, D[H]) is self adjoint. O
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Since the operators H and H are self-adjoint, their spectrums can be decomposed in terms
of theory of measure [79,84]. It yields the following decomposition

X =X X* o XPP.

where X?2¢ (resp. X resp. XPP) corresponds to the absolutely continuous (resp. singular
continuous, resp. pure point) part of the spectrum. The pure point subspace XPP is spanned
by the eigenvectors

XPP = Span{p € X, Hy = Ay for some A € R}.

On the other hand, the subspace X?° is characterized [71,78,105] by the existence of a dense
subset A C X?° such that

ped=o-r-iel, =o(). 38)

This characterisation is known as the Christensen criterion. Before moving on, we recall the
so-called Plemelj formula,

) 1
lim y
e=0 1 + 1€

1
=PV () —imdy, inD.
x
Theorem 3.2.4. The operator H only has absolutely continuous spectrum.

Proof. Since H is unitary equivalent to #H, if H only has absolutely continuous spectrum, then
the same statement holds for H. We verify the criterion (3.8) by means of a series of elementary
calculations.

Let A be the set of triplet of function (7,u,f) such that 7, u € ¢3(Z) with finite support and
f € (2L? with finite support in k, and bounded in v. The set A is dense in X. Let us compute
(H — (A +1ig)) " (1,u,f) by solving for (o,w,g) € X the equation (H — (A +ic)(o,w,9) = (1,u,f)
which writes, for all £ # 0, v € R

kwy + k [g v/ fP(v)ge(v) dv — (A + ig)op = T
k‘O’k — ()\ + Z€)wk = Uk

—vkgy(v) + kvy/ fO(v)or, — (A +ie)gr(v) = fi(v).

Taking the third equation, one has

() = 2V filv) (3.9)

T oAtict+ ok * T Ntic+ ok

gk

The second equation gives

1
A tie

Then, the first equation gives
]432
A+ e "N + i€

uy, + k/Rv fo(v)g(v) dv — (A + ie)oy, = .
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Using (3.9) and (3.10)

k? k? v2f0(v)
"

()\+i5)20k+)\+i€ "JR A+ ic + vk

k 1 U\/fo v) fr(v
)\—I—ze/

BRCERSER el )\+25—|—vk‘

Finally

—1

O = 1 o) w270 (0) qo (3].1)

(A+ie)? )\Jrzs fR Atietuk

Tk k U\/fo fk
8 /\—l-za/

>\+i5+()\+z€ )\—l—za—H)k

A+ e
- Qi) - (3.12)
(A +ie)? — k2 — k2(A + i) Jg v dv

Atie+vk

T k U\/fo v) fr(v
X( o /\—l-za/ )

A +ie (/\—Hs A +ie + vk

(ATt kug + k() + i) Jg *Ai&”’;” d”. (3.13)
(A +ie)? — k? — k(A +ig) Jg % dv

>\+ze+vk

To satisfy the criterion (3.8), it is enough, from the formula (3.9)-(3.10), to bound ¢ and w in
¢, One obtains using Plemelj formula

(A )T+ hug + k(A + ide) fg DL DA

_ A—O—ze—l—vk

Tk = 2 v? 0 (v)
(A +ie)? — k% — k(A +ig) [g yyimpar AV

AT + kug + kA {PV[R Y /\Mgk dv +im A/ fO(N) fre (A ]
0 2= k2 — kX [PV f 520 o+ imd2 ()|

Atvk
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So o is uniformly bounded in ¢ in ¢>°(Z). In the same way, from (3.10)

1 k(A + €)1y + k*up, + K2\ + ie) g

\/f (v) fr (v) do

Wy, = - - 2}‘/\°+w+m]C — Uk
A+ ig (A+1e)?> = k2 = k(A +i€) Jr 373 e+v)k‘ dv
(A+12)? = k2 = k(A + ie) J 3otz iop dv
2 _ug u
_ Atie _ k
(A+ig)? = k? — k(A +ig) [y ,\vj{;(r?k Atie
B kry, + k2 [ ~ Aif;lil(v dv
(A+ie)> = k? — k(A +ig) Jg Aj{s+1:))k dv
kQ
L : )
\ +ie (A+ie)? — k2 — k(A +ie) g + A+ze+vk
B ki + 2 [ SR g,
<)\ + 7;5)2 — k? — k<>\ + 26) fR A—i—za-f—v)k dv
_ Uk <)‘ + 28) - k(/\ + Z8) fR /\—Ha-i-v)k d’U
Atie [(A i) — k2 — k(A + ie) [ 352 dv
_ kT + k? fR Aiz(;f;(v dv
(A + )2 — k2 — k(A + i€) Jyg rrers dv
. 240 v
. Ot i9) =l geicir 40
— U,
()\ + i€)2 — k2 — k(/\ + Z‘E) fR )\+l€+vk dU
v v 2 0 v
b R SR [+ i2) — b
(A +1i€)? = k2 = k(A + ie) J yrizio; dv
Then one concludes using again Plemelj formula that
v/ v v 2 v
kt, + P.V [q f/\i Ifk( dv +amAy/ fOA) fi(A) +u’“ P‘ PV e Aﬁ 3

dv

—imkA2fO(\))]

0 A2 — k2 — kP.V [ °

“I70) gy — kA2 fO(N)

Ak

In the end, one obtains that w is uniformly bounded in ¢ in ¢>°(Z). We then turn to an estimate

of g in ¢3L2%. The triangle inequality yields

kvy/fOo

A+ e + vk

lalless < H H
22

70

f

A +ie + vk
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3.2. Linear Damping

One has
H kvy/fOo 'kv\/ﬁak 2
A
A +ie + vk 2Lz kez, A\ +ie + vk
2 £0
= k22 / vy dv
kg\:{o} F I (A ok)? e
/{?2 2
<ol Y
kez\{0} "€
T P %
€
and
2 2
Atie + vkl kT dn (A +vk)2+¢
1 fill oo
< > / dv
Kz (0} ln (N +vk)? + 2
<7Hk 'Lz eZLoo'

Finally, it yields for € small enough,

O g

Ve

With C7,, ;. a constant that depends only on 7,u, f,A. One concludes that H only has absolutely
continuous spectrum. OJ

V(ru.f) € A, l(H— (A +ie) " (ruf)llx <

We can then conclude this section and prove Theorem 3.2.1.

Proof of Theorem 3.2.1. Since the operator H has absolutely continuous spectrum and does not
have pure point and singular spectrum, it is a standard consequence of scattering theory [79,84]
that the solution (7(t),u(t),f(t)) = e " (Tini,Uini, fini) converges weakly to 0. Furthermore it is
easy to see that

\V/k, Tk(t) — 0, uk(t) — 0.

Using the conservation of energy, one has

) (’Tk( )P+ Ju(t) ) <> <|Tk (O + Jug(t) |2+/ | fr(tw) ]2dv>

kEZ keZ

_Z(m: (0)” + |uk(0) |2+/|fk01)|2dv>

keZ

Let € > 0, then there exists N > 0 such that

5> (I(OF + (O + [ 15:00) P dv) <&

|k|>N
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Chapter 3 : Spectral theory for the linearized thick sprays equations

Then one writes

> (IO +lun@P) = X (Im@®F + @) + X (I + lun()])

keZ |k|<N |k|>N
< 3 (Im®P + [ux(O)P) + <.
|k|<N

Taking ¢ — +o00,
lim > (I + Jus(®)]?) <&, Ve >0.

t—
o0 ez

One concludes by Plancherel identity. O

3.2.3 Dispersion relation

In this section, we perform a more quantitative analysis than in the previous section by assuming
that the initial data are analytic functions. For simplicity of the notations we take ny = 1. The
conclusion (3.17) is that the damping is a combination of a decreasing exponential part and
an oscillatory part. This behaviour is qualitatively the same to the linear Landau damping in
plasma physics for the Vlasov-Poisson system, even if the physical nature of the force that acts
on the particles is different.

For a function 7 € L*(R; L?(T)), we define the Laplace-Fourier transform as

+oo ) )
Tr(w) :/ /e’“te”kxT(t,:U) dzdt, S(w) > 0.
o Jr

Proposition 3.2.5. Let (1,u,f) solutions of the linearized system (3.6), and 7y, be the Fourier-
Laplace transform of 7. Then one has, for (w) >0

with
N(wk) = ; (Tk(o - S+ [ ”W(T_f’“ O.0) v) ,
and

Dwk) = 1— k2+[ mk/vim ]

The function D is the dispersion relation of the linear system.

Remark 3.2.6. I is interesting to compare D to the dispersion relation of the linear Vlasov-
Poisson system

Dyp(wk) =1+ 1[ mk/viﬂ ]

We remark that

k2 k2
D(wk)—l———i—k(Dvp(wk)—l)—l—k2 ——l—kDVp(wk)
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3.2. Linear Damping

Proof. We consider the system (3.6) written for Fourier modes k # 0.

Opmi(t) = ikug(t) + ik /R \/]Tofk(t,v)v dv
Ayur(t) = ik (t) (3.14)
O fr(t,0) + kv fi(t,w) — ikvy/for(t) = 0.

For bounded solutions of (3.14), the following Fourier-Laplace transforms are well-defined

+oo |
Folw) = /0 deln (D) dl,  S(w) >0,
~ +oo wwt
n(w) = /0 et (t) dt,  S(w) > 0,

_ +oo
fr(w,v) :/ e firtw)dt, S(w) >0, veR.
0
Multiplying the Vlasov equation by ¢! and integrating in ¢, (3.14) writes

—iwT(w) = iktip(w) + ik fg v/ fO(V) fe(wyw) dv + 73(0)
—iwﬁk(w) :Ek%k(W) + Uk(O)
(—iw + ikv) fr(w,0) — ikvy/ o7, (w) = fe(0,0).

Then one has

—iwTg(w) =ikug(w) +ikz/ vy fO(0) fir(w,v) dv + 73,(0)
:ik(—ika( 2+uk >+ k/ v/ fO(0) f(w,v) dv + 7(0)
:—Z—Tk +zk/ v/ fO(0) fi(w,v) dv + 73,(0) — Euk(O)
:—Z—Tk +zk/ ; ﬁfo (fk (0,v) + ikvy/ fO(v) Tk (w)) dv

—w + kv
k

+ 7(0) — ;uk(O)

k% o ikv? fO(v)
= — ZUT]{;(W) + Zka(CU)/ m dv

v/ fO(v) fr(0,0)
+ 7(0) — —uk / i
—iw + tkv

Then one has

%k@):(kQ—w/R o) U>Tk(w>+i(7k< ——uk /”Wf’“(” v),

2 _w _ v
w v k v

which rewrites

Tr(w) = (3.15)
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Chapter 3 : Spectral theory for the linearized thick sprays equations

with

] k v/ fO (k,v)

Nwk) =~ (%(O,k) - Za(0) + | e f : v)

w T v— ¥

and
2f0
Dlwk)=1- 2 f/
(w,k) = S
Furthermore, since
/ e Uw/z dv = / s %)2_1’2/2 dv + E/ Ueivzz dv = ﬂ/ Ue*”i/}? dv
R v—7 R v—7 kJr v—7% kJr v—7
and
—v2/2 —v /2

One obtains that D writes

kQ —v/2
D(wk) =1 +l \/ﬁk/v— ]
O

For all k£ # 0, the function D(-,k) is analytic on the half-space (w) > 0. One can define an
analytic continuation of D on C*. Let Z be a function defined on C by

¢
Z(C) = Vme~ <2<z' = t2dt>.
Then Z is analytic on C and V(() > 0,

1 eV

VTR o —¢

Therefore, one can do an analytic continuation of ¢ — [g <— e dv on C. Then, the function

dw.

Z(¢) =

D(w,k) can also be continued analytically on C* by the formula

/f2 \/7_1'(,0 _w? 2 ﬁtQ
D(W,k) 1-;"‘ [1+ﬂk€ 2k2 (Z—\/E/O e’ dt .

The function N can also be continued analytically in the same manner, and then 7(w) is
continued analytically on C*. At this point, we follow what is classically done in the plasma
physics community [111,113] for the Vlasov-Poisson system and we assume that D only has
finitely many zeros (which seems reasonable to prove) and that they are all simple (a proof of
this fact seems much more difficult). So that the Laplace inversion theorem applies and one
has .
1 prootiv
T(t) = — / =7, (w) duw.

207 J—ocotiv
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3.3. Numerical illustrations

One can use the residue Theorem to compute this integral. One obtains the following expansion

Ti(t) = Res(Ty, w;)e ™. (3.16)

Wi

where the w; are the roots of D, which is a finite set, and Res(7;,w;) is the residue of 7 at w,.
We then obtain that the dominant term of this expansion decay exponentially. The expression
of D when the constant are not normalized to 1 (one must redo the computation of the section
3.2.3 with the system (3.5)) is

k2 4mrdooc? VW _w? A v TS
Dlwk) =1— 2%+ T7p0% |y 5 '——/%tdt .
(w,k) 2 + 300 l + \/ike 2k (z Nl e

The w; are the solutions of D(w,k) = 0 for a given k. As all the terms in the sum (3.16) decay
exponentially fast, only the term corresponding to the w; with the largest imaginary part will
remain for large time , and the others will quickly become negligible. Denote w, = R(w;),
w; = S(wj), and Res(7,w;) = re'?, one notices that there is alway a root of the form w, + iw;
associated to re'? and one of the form —w, + iw; associated to re=%. Therefore, by considering
only the two roots with the largest w;, one has

T(t) m retPem Wit | pemivp(mwrtivit — opewit cog(wt — ). (3.17)

To compute the two roots with the largest imaginary part of D, we use a standard numerical
method such as a Newton’s scheme from the python library scipy. For example with %7?7’2 =
0.3, oo = 1 and k& = 0.5, one obtains that the two roots with the largest imaginary part are

w ~ £0.4969 — 0.1295;.

3.3 Numerical illustrations

In this section, we illustrate the results of Theorem 3.2.1 in dimension 1+ 1. We show results
on the linear and nonlinear equations. We consider a uniform discretisation of the phase space
T x R, with steps Az, dv. In all the numerical results, we chose r, so that %mﬁ =0.3.

3.3.1 Numerical methods

We describe here the numerical schemes used in the next section for the purpose of illustration.
We present two schemes. The first one is for the nonlinear problem, which is the most interesting
one in view of possible physical applications. The second one is for the linearized problem
because it is a direct illustration of the theoretical results.

3.3.1.1 Nonlinear equations

We start with the nonlinear equations

Ouf +v0pf — 0upOy f =0

Oy (o) + 0z (aou) =0

O (aou) + O (ou®) + adyp = 0
plo) = 0",y =14

(3.18)
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Chapter 3 : Spectral theory for the linearized thick sprays equations

We use a semi-Lagrangian method for the Vlasov equation and a Lax-Wendroff scheme for the
fluid part. Multiplying the Vlasov equation in (3.18) by v and integrating in v, then summing
with the momentum equation of the fluid, one sees that the fluid part of the equation can be
written in a conservative form
Oy (o) + 0z (aou) =0
4 4
Oy (agu + —7r7“3/ fu dv) + 0y (cou®) + Opp + 0, (7?7”3/ v f dv> =0
3 PJr 3 Pr
o f +v0,f — 0.p0, f = 0.

It writes
U+ 0, F(U,f)=0
with
U
U= | "= 4 04&;
Us agu + 37y [g fodv
and
apu U2 — TNy fR fU dv
F(U,f) = = —4r vdv)? :
(U.5) (a@u2 +p+ %mﬁ Jg f? dv) ((U2 5 %{Rf dv) + Z—g + Jg fo?do
The jacobian matrix of F with respect to U is
0 1
A<U7f) = VUF<U7f) = —(Uz—%mﬂg fR fvdv)? i «,Ul"/*l 2(U2—%7rr1?; fR fodv) | - (319)
U? Y Uy

Proposition 3.3.1. The eigenvalues of the Jacobian A(U,f) are

/
e =ty P2 (3.20)
a
Proof. 1t suffices to notice that A(U,f) writes
0 1
A(U,f) =
(U.J) (02 — u? 2u)
4 3
' (Uy — 37 Jr fodo) , AU ' ‘
with v = i and ¢© = o A simple standard computation shows the
1 o
desired result. Moreover, one has
PR L e . 7) K T U )
a Y o a
]
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3.3. Numerical illustrations

This allows us to use a classical hyperbolic numerical scheme to discretize the fluid part,
and to immediately obtain a scheme preserving the mass and the total momentum.

The numerical method to discretize the system (3.18) is described as follow: Given (U™, ™)
at a given time ¢".

o Compute f* by solving the free transport 0, f 4+ v0,f = 0 with a semi-lagrangian scheme
during a timestep At with initial condition f".

o Compute f"*! by solving d,f — 9,p0,f = 0 with a semi-lagrangian scheme during a
timestep At with initial condition f*.

o Compute U™ by solving 9,U + 9,F(U,f) = 0 with a Lax-Wendroff scheme during a
timestep At with initial condition (U™, f"*1).

The semi-Lagrangian method [35,112] is a classical method to discretize transport equations, so
we do not describe it here, only the Lax-Wendroff scheme used here is somehow non standard
and we describe it hereafter.

Given initial data (U",f""1), the quantity U™ is computed by the Lax-Wendroff scheme
[68]:

At n+1

Ui = Uj — - (F(ULL, S350 = F(UL, fi51)
At2 n n n n n n n n n n
T oA ( T E UG ) —F(UG 7)) — Af 0 (F(U7, ) = F(U], jjll))> ;

where A7, , is the jacobian (4.9) evaluated at some average state:

no A Upn + 07 S0+ 1

As it is classically done in the hyperbolic community, we impose a CFL condition:

1
The dependency of A with respect to awis A = O (\/_> as visible in Proposition 3.3.1. If « is
&
small, it could trigger very small time steps. Notice that A is in 1/« so small value of « could
lead very small time step At.

3.3.1.2 Linear equations

We start with the linearized equations

4 .
Q000 T = ap0u + gﬂrg(?x /Rv\/fT’f dv
0000 = apORci0LT
Ohf + 00, f — 0acar/ fO(v)vd,T = 0.

(3.21)
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Chapter 3 : Spectral theory for the linearized thick sprays equations

One notices that the variable v only acts as a parameter. A discretization in v yields

4 [or
aOQOatT = &Oaxu + gﬂ'riax Z Uk fo(vk>f<t7x7vk)dv
k

Q0000 = apOEci0,T
Ouf (t,x,vp) + 0o f (t,z,vk) — 03¢/ fO(vr)ve0,m = 0, Yk € [0,N]
It can be recast as a linear system of conservations laws
ﬁtW + A8$W = O,

with

Q00T
Qoo
W= | f(-,;v0)

f(',',"UN)

and A a constant matrix. We use a Lax-Wendroff scheme under the form [6§]

At?
2Ax2

At
Vsm—f—l W W AV, VA
J N j_TAxA( j+1 T j—1)+

A (W), —2WT + W)

3.3.2 Numerical results

In this section we consider the nonlinear system (3.18) with initial data

Q(t = O,ZL‘) = 17
u(t = 0,x) =0,
f(t = O,fﬂ,?]) = \/%(1 + ECOSUCZ')\/foi(’u))@_”ﬂ/Q7

and the linear system (3.21),

7(t =0,2) =0,
u(t = 0,2) =0,
ft=020)= 7= cos(kx)e /2,

The coefficient are ¢ = 0.001 and k£ = 0.5. The domain of computation [0, 47| x [—10, 10] with
periodic boundary condition. Using (3.17), an approximation of 7(¢,z) writes

7(t,x) ~ 4re*i sin(kx) cos(w,t — @).

As it is done in plasma physics [111,113], this allows in our case to write the following family
of reference solutions

Tret (,2) = 4re™%12% 5in(0.52) cos(0.4969t — ),

where r € R is the amplitude and ¢ € R is the phase.
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3.4. The case with friction

The numerical results obtained with the schemes described in section 3.3.1 are visible in
Figure 3.1 for the nonlinear case and in Figure 3.2 for the linear case for r = —6.5 and ¢ = 4.
One notices that the numerical solutions computed by both schemes are of the form predicted
by the linear theory. Moreover the expected rate of decay is observed with great accuracy,
both in the linear and nonlinear case. This indicates that the linear damping effect survives the
nonlinear effect of the nonlinear system. In Figure 3.3, one can see the strong oscillations in the
v-variable. This is a typical effect seen in plasma physics and it is usually called filamentation.
It is also an illustration of the weak convergence of the perturbation of the distribution function
to 0.

1073_
105 - LTV YV O\~

107 | ||| (Y //Y\‘/Y

10794 — llullz>(t) num

0 20 40 60 80 100 120

10723 4 \_
B ! \?‘// \ “ ,—\\”’/\\ ~ - / /

S '\‘\XWWWWWWWNW"

lo— 0ol £2(t) num
o — oolz2(t) theo

10711 .

T T
0 20 40 60 80 100 120

Fig. 3.1: Decay of the acoustic energy computed with the nonlinear equations. In blue,
the numerical solution and in orange the solution predicted by the linear theory.

3.4 The case with friction

The introduction of a nonzero friction D, > 0 is important in view of physical applications
[27]. It introduces an explicit dissipation mechanism in the equations. Since there is no such
mechanism in the Vlasov-Poisson equations, the way to generalise the mathematical analysis is
not obvious. In what follows, we present preliminary results on the problem for small friction.
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Damping
100 4
(
=1 Yy
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Fig. 3.2: Decay of the acoustic energy computed with the linear equations. In blue, the
numerical solution and in orange the solution predicted by the linear theory.

Following [27], the linearization of the system (4.4) with friction d, = —é% > 0 yields
3°°p

T = Oy + Oy Jg V[P fudu
O = 0,7 + dy [g v/ fOeltgdv — dyu [ fOdv
Oif + 00, f — /Ot w0,m = d/ et vu — do f + d Oy (v f).

Applying the Fourier-Laplace transform, one gets
iy (W) = ik (w) + ik / o/ FOfilw — idy) dv + 74(0)

—iwie(w) = ik (w) + d. | o/ 10 Filw — idy) dv — d, i () /R 0 dv + ug (0)
(—iw + ikv) fe(wyw) = ikv\/ﬁﬁc(w —idy) + dyug(w — id*)v\/ﬁ + d, 00y fr(w,v) + fr(0w).

If one assumes that the coefficient d, is small, another linearization procedure based on a Taylor
expansion with respect to d, yields

To(w —id,) = Te(w) — id,0,7(w) + O(d?),
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3.4. The case with friction

with similar formula for %, and fk Injecting those expansions and dropping the quadratic

terms in d,, it yields
i (w) = k(W) + ik / /10 Filw) dv + d, k /R /100, fi(w) + 7(0)
iy (w) = k(W /l; \/ﬁﬁ dv — d, i (w /fodv+uk
(—iw + ikv) fr(ww) —zkv\r *v\/78 7u(w) + dyig(@)oy] 0 + dovd, fi(w,v) + fi(0,0).

One obtains

~ ikvy/ o7 (w )+ k(0,v)

felww) = kv — iw 1kv — iw
+ Zk‘lﬁizw {ﬁk(w)v\/ﬁ + v&,fk(w,v) - v\/ﬁﬁwﬁ(w)] ,
and
SRR W)+ lug(0) — e /PO f(w) do
g (w) =

| _ S SO dv

— k7 (w) 4 iug(0) — id, fg v/ O fr(w) dv
w—id, [g fOdv

Then :f;(w,v) writes (dropping quadratic terms in d, )
~ ik 07 0
Filww) = y\/f_ﬂ.c(W) L S0.0)
tkv — iw kv — iw
d, vy [0
ikv —iww —id, [g fOdv

d* ra ~
+ T 00, fr(w,v) — U\/ﬁ@wm(w)] .

For 1y, one has

ikv—iw zkv iw

w — id, fRdeU

Uy (w) =

For 7, one has

d’UTk( ) —idy g o/ 10F(00)

tkv—iw

_k%k(w) + zuk(O) +d.k fR zkv iw
w — Zd fR fO dv
V2 f0 / U\/_fk 0,v)

Rzkv—zw kv — 1w
d.ik / v2 f0

w —idy [g fOdv JR ikv —iw
02 2 £0
+dk/ \/_afkwv)dv—id*k v
kv — 1w R kv — iw

2 £0
+ikd, a/ i CO WL R 1 CC)

* Ow kv — iw ow JR kv — iw

—iwTg(w) =

+ 1k

+ dv [—kTx(w) + iug(0)]

dvo, Tk( )
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Chapter 3 : Spectral theory for the linearized thick sprays equations

Rewriting this equation, one gets a differential equation of the form
d A(w)0y T + B(w,d, )T + C(w,dy) =0,

where A,B,C" are functions of w. If d, = 0, one recovers equation (3.15). One would need to
study this equation to see how the friction interacts with the damping mechanism. This is left
for further research.

We nevertheless show numerical illustration for small value of d,. The results have been
obtained with the nonlinear equations. We observe that for sufficiently small value of d,, the
behaviour of the numerical solution is similar to the previous results, see Figure 3.4. But, with
larger value of d,, we observe initially a damping phenomenon, which is replaced by the purely
oscillatory phenomenon, see Figure 3.5. For even larger value of d,, we observe an oscillatory
phenomenon, see Figure 3.6. The interpretation of those results with respect to the Lyapunov
functional constructed in [27] remains to be done.

3.5 Instabilities of the linearized system

This section is based on the proceeding [62] published in ESAIM: proceedings and surveys

3.5.1 The dispersion relation.

As in the Vlasov-Poisson system, we can characterize the linearly instable particle profiles by
the dispersion relation of the system. We look for exponentially growing modes of (3.5), i.e.
solutions of the form

fltzw) =a)e ™e*  r(tx) = Be“e*  wu(tx) =ye ek, (3.22)
with £ € Z, w € C with Sm(w) > 0, « € L*(R), 8 and v € R. Injecting this ansatz into

(3.5), one gets
—iwf = iky —|—z'//<w\/fo(v)oz(v) dv

—iwy = ikf

k !/
(—iw + tkv)a(v) = —iﬁM
Jo(v)
Then one obtains
— Bk /
a(v) = Pk _hv) , 7= —ék, (3.23)
—w + kv fo(v) w
and 1209
—iwf = —zk2 — B/ Y fO
kv —
In particular, one has the dispersion relatlon
k2 !
— + M dv =1. (3.24)

w? v—w/k

Conversevely, if (3.24) holds for some k € Z and w € C with Sm(w) > 0, then the modes
(3.22) with v and v given by (3.23) are solutions of (3.5). We proved the following proposition
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3.5. Instabilities of the linearized system

Proposition 3.5.1. The linearized equations (3.5) have exponentially growing modes if and
only if there exists k € Z and w € C with Sm(w) > 0 satisfying (3.24). In that case, o and =y
are given by (3.23) for any B € R.

Dispersion relation in other kinetic equations. This situation is similar to the case of
the Vlasov-Poisson system [40, 96, 113]

{atf +v-Vof = Vap-Vof =0 (3.25)

_AIQO - fRde -1

Applying the same strategy to the linearized Vlasov-Poisson equations, one founds the disper-
sion relation

Z (:) - vji)(;’}k dv = k? (3.26)

Denoting & the upper half plane, a solution w(k) of (3.26) exists if and only if Z(3) constains
a positive real number k2. The set Z(J) is bounded and its boundary is the curve

fo(v)

vV—x

1:»—>PV/ dv + im f{(x)

and this curve is bounded, starting and ending at the origin, and for k large enough, the
equation (3.26) has no solution. Therefore, in the case where the profile fj leads to a solution
w € Jy of (3.26), there is a finite number of exponentially growing modes. For the system
(3.5), the situation is quite different since the equation (3.24) can be rewritten as

((z) = e + fo(v) d

22 v—z

v=1, ze€C,

with z = w/k. Therefore, if 2z = w/k € Jy is a solution, then so is z = (nw)/(kn), with
n € N*. This situation also happen in other singular kinetic equations such as the Vlasov-
Benney equation (see [13])

Ve (3.27)
— o v,

for which the dispersion relation writes

{8tf+v8mf—8z‘/8vf—0

folv)
’U—OT/]{}dv = 1,

or this equation, which can be seen as a kinetic version of the incompressible Euler equation
(see [10,72])

{&f + 00, f — 0V, f =0 (3.28)

for which the dispersion relation writes

fo(v) dv =0.

v—w/k
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Chapter 3 : Spectral theory for the linearized thick sprays equations

3.5.2 Numerical illustrations

In this section, we show examples unstable equilibrium fy. The numerical illustrations are done
again by discretizing the nonlinear equations (3.3) with the method described in Section 3.3.1.
For the initial conditions, we take

o(t = 0,2) = 2
u(t=0,2)=0
f(t=0,z,v) = (14 ecos(kx)) fo(v).

with o9 =1, k = 0.5 and £ = 0.001.

All the initial conditions are inspired by typical plasma physics test case [50,51,59,112]. We
present analogy of two stream instability, bump on tail instability, weak and strong damping
with and without friction.

3.5.3 Two-stream instability

We consider here the case where

1 —(v=v0)? —(v+vg)?
e 2 e

Wor 2 ) (1 +ecos(kx)), wvo=2.5.

The computational domain is [0,47] x [—6,6]. We impose both in the z- and v- direction periodic
boundary conditions. We take N = 256 grid point on the z and v direction. By analogy with
plasma physics [38,61], we call this test "two-stream instability". The evolution of |0 — go||2
and ||u||zz in time is plotted in Figure 3.10. One observes that at first,the quantities ||o — go|| .2
and ||u||zz increase exponentially, as predicted by the linear theory. At some later time satura-
tion sets in and the solution enters the nonlinear regime. It seems that the nature of the linear
regime is that it is just a numerical artifact. Indeed, as the mesh is refined, the system enters
the nonlinear regime earlier. This is due to the fact that the scheme is able to capture higher
frequency mode earlier.

f(t = O,.’B,U) =

In Figure 3.9, one can see the apparition of vortex in the phase space distribution at ¢ = 55.
Eventually, the vortex get bigger and bigger and this lead to the apparition of shock waves in
the fluid. The particles are then transported by the shock waves, which is visibled at t = 73.
At t = 75 two shock waves collide this leads to the merge of the two streams. At this point
there is a significant filamentation of the phase space distribution. The dispersion relation is
illustrated in Figure 3.8 for Vlasov-Poisson and the system (3.5). It appears that the set ((S3)
is the whole complex plane.

3.5.4 Bump on tail instability

By analogy with plasma physics [50], we consider the case where

]_ 2 2
Flt=02,0) = Nor- (0.86—“ 24020749 (1 4 0.1 cosac)) :

21

on the domain [0,47] x [—6,6]. We impose both in the z- and v- direction periodic boundary
conditions. There N = 512 grid point on the x and v direction.
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This corresponds to the situation where there is a uniform cloud of droplet, where 80% of
the mass is concentrated. Then a smaller beam of droplets of average velocity vy = 3 enters.
As in the Vlasov-Poisson equations, this situation is an equilibrium of the system. However this
equilibrium is unstable, and there is a growth of the acoustic energy, resulting in the apparition
of small vortex with differents size in the particle phase space distribution. After this period
of increase, the acoustic energy apppears to stay constant afterwards. See Figure 3.12 and
Figure 3.11.

3.5.5 Strong damping

We consider here the case where the initial condition for the particle density is

1
Flt=020) = ——e/*(1 + ¢ cos kx)

V21

with € = 0.5. The purpose of this test is to investigate the damping effect with a strong enough
perturbation so that the nonlinear effects comes into play. The result is in the Figure 3.13. At
first, one still observes damping of the acoustic energy. After some time, the nonlinear effects
kick in and the acoustic energy goes back up, followed by oscillations.

3.6 Perspective

Several remarks can be made about future works

» The proof of a nonlinear damping result seems extremely difficult. The tools used in [15,
96] are not suitable to deal with the loss of regularity of the system.

» Regarding the instabilities, one can think on generalizing the analysis done in [13] to the
linear thick spray model.

o It should be noticed that the result of this chapter are physically questionnable, because
the friction force is still the driving mechanism of most fluid-particles flow. However,
those result are still usefull from a numerical point of view to validate a numerical code.
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Fig. 3.3: Filamention or weak convergence of f— f% in the nonlinear equations for different
times. In descending order, t =0, t = 15, ¢t = 30, t = 45.
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Fig. 3.4: Decay of the acoustic energy with friction for the nonlinear equations for D, =
1073. In blue, the numerical solution and in orange, the solution in the case with no
friction
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Fig. 3.5: Decay of the acoustic energy with friction for the nonlinear equations for D, =
1072. In blue, the numerical solution and in orange, the solution in the case with no
friction
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Fig. 3.6: Decay of the acoustic energy with friction for the nonlinear equations for D, =
10~'. In blue, the numerical solution and in orange, the solution in the case with no
friction
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3.6. Perspective

(a) Particle phase space distribution at t = 1 (b) Particle phase space distribution at t = 55

(g) Particle phase space distribution at ¢t = 88 (h) Particle phase space distribution at t = 89

Fig. 3.9: Two stream instability
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Fig. 3.10: Acoustic energy of the two stream instability
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Fig. 3.11: Acoustic energy of the bump on tail instability
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(a) Particle phase space distribution at ¢ = 1 (b) Particle phase space distribution at ¢t =5

(c) Particle phase space distribution at ¢t = 6 (d) Particle phase space distribution at ¢ = 10

(e) Particle phase space distribution at ¢ = 15 (f) Particle phase space distribution at ¢t = 20

(g) Particle phase space distribution at ¢t = 25 (h) Particle phase space distribution at ¢t = 30

Fig. 3.12: Bump on tail instability
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3.6. Perspective

(a) Particle phase space distribution at t = 1 (b) Particle phase space distribution at ¢t = 10

(c) Particle phase space distribution at ¢ = 20 (d) Particle phase space distribution at ¢ = 30

(e) Particle phase space distribution at ¢ = 40 (f) Particle phase space distribution at ¢ = 50

(g) Particle phase space distribution at t = 40 (h) Particle phase space distribution at ¢t = 50

Fig. 3.13: Strong damping
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Summary

This chapter is dedicated to the numerical discretization of a thick spray model. We present a
coupled method combining a Finite Volume scheme for the fluid phase, and a semi-Lagrangian
scheme for the dispersed phase. The focus is on the discretization of the dispersed phase, for
which we propose two different methods. The first one is a backward semi-Lagrangian method
based on cublic B-Spline interpolation. The second one is a conservative semi-Lagrangian
scheme known as Positive Flux Conservative. We also present two methods for taking into
account the close-packing limit of the particles in the model.

4.1 Introduction

In this chapter, we are interested in the numerical simulation of dense suspensions of particles
within a carrying fluid. The starting point of this work is the following fluid kinetic system

Oy(ao) + V- (apu) =0

O(aou) + V, - (eou @ u) + aV,p = D*[RS('v—u)fdv

Ohf+v-Vof+V,-(T'f)=0 (4.1)
=1-m, d

e m /Rsf v

m, = -—m,V,p— D,(v—u)

The first two equations are modified isentropic Euler equations, while the third equation is
a Vlasov equation. The coupling between the two phases is done not only through a drag
force, but also through the volume fraction of the fluid o in the fluid equations and through
the presence of the pressure gradient —V,p in the force field of the Vlasov equation. The
system (4.1) is a prototype for describing s dense flow of particles within a carrying gas, it is
sometimes refered to as a thick spray model [23,53]. In this work, we only consider the case
where p(9) = ¢7, where v > 1 is the adiabatic index. It is possible to consider the full Euler
system with energy transfer between the particle phase and the fluid phase [91]. For the sake
of simplicity, we limit ourselves to the barotropic case.

Traditionaly, the numerical discretization of this kind of fluid-particle coupling is done with
a Particle-In-Cell (PIC) method for the Vlasov equation [5,6,11,49,91]. The PIC method has
the primary advantage of only discretizing the physical space = and not the velocity space v.
This drastically reduces the computational cost of a direct discretization of the Vlasov equation.
Indeed, the primary computational challenge comes from the fact that the distribution function
f lives in an up to six-dimensional phase space. However, particle methods are known to suffer
from numerical noise that decreases very slowly, as the square root of the number of particles.
They are also known to be highly sensitive to sampling errors.

Recently, especially in the plasma physics community, Eulerian methods for the Vlasov
equation have been developed with remarkable success [21, 35,5760, 88, 114]. Due to the
substantial increase in computational power, 4D simulation can now be performed routinely on
high performance computing (HPC) systems.

In this chapter, we present a numerical method for the discretization of thick sprays, based
on semi-Lagrangian method for the Vlasov equation, and a Finite Volume method for the fluid
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4.1. Introduction

phase [18,20]. A point of interest in this work is to take into account the close-packing limit in
the system, characterized by a state where the particle density reaches a maximum.

4.1.1 Conservative form

If one multiplies the Vlasov equation by m,v and integrates with respect to v, one obtains the
balance law for the momentum of the particles

8t/ m*'vfdv+Vx-/ mw@vfdvz/ m,Tf dv. (4.2)
R3 R3 R3

Adding (4.2) and the balance law of the momentum of the fluid, one obtains the equation for
the total momentum of the system

Oy <agu—|—m*/RS'ufdv) +Vx'<agu+m*/Rg'v®vfdv> + V.p=0. (4.3)

This equation is totally conservative, which is not the case for the fluid momentum balance
law, as it contains a nonconservative product aV,p. This term can induce additional difficulty
from a numerical point of view [1,98]. For this reason, we chose to consider the system written
under the form

(o) + V, - (apu) = 0,
O (apu + my [gsvf dv) + V. - (cou + my [gsv @ vf dv) + Vup =0, (4.4)

The fluid phase is rewritten in terms of the conserved variables n := ap, q = apu +
my fRd 'Uf dU,

om+V,-(q—m, [gsvfdv) =0,

(q — M fgs v f dv)®”

4.5
8tq+Vx~< —|—m*/ v®vfdv>+vmp(n>:0. (4:5)
n R3 e}

4.1.2 Close-packing limit.

By close-packing limit, we refer to the configuration where the maximal density for the particles
is reached, which typically corresponds to the case where the particles are packed on top of
each other. The close-packing of particles is a part of a larger family of congestion phenomena
in fluid equations. The study of such phenomena represents a prolific area of the literature,
see [41,94,100,101,108] and the references therein. The system (4.1) does not take into account
the modelling of close-packing limit. We would like to modify the model (4.1) so that, given
a lower bound 0 < a, < 1 and assuming that the initial data verifies a(t = 0,-) > a, the
solutions preserve the bound «(t,") > a, for all ¢ > 0. A priori, the system (4.1) does not verify
this property. An interesting case is o, = 0, meaning that we are interested in the positivity of
the fluid volume fraction. In [27], the following result on the positivity of the volume fraction
« is proved for the full Euler system.

Proposition 4.1.1 ( [27]). Assume that a solution of the system (4.1) is defined on the whole
space R® and is smooth on [0, Tena) for some Tenq > 0. We assume that
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For all (z,v) € R®* x R?,  f(0,xz,v) > 0.

One has 0 < p_ = inf p(0,x) < oy = sup o(0,x) < +oo.
$€R3 $€R3

e One has —oo < S_ = inf S(0,z).

zeR3

One has 0 < a_ = inf a(0,x) < 1.
reR3

We assume the following regularity of the velocity variables

s fodo
u € WHe([0,Tug) x R?), M € L>=([0,Tunq) x R?).
R3

We finally assume that the pressure vanishes at infinity, that is for all € > 0, there exists A > 0
such that

0<p(tx)=(y—1Do(txe(tx) <e, for0<t< T and|x|> A.

Then, there exists a constant C' > 0 depending on Ty, 0+, 0—, a—, S_, A (corresponding

toe=1), [|[u|lwieo(o1,q)xr?) and Hffffvdiv so that the following estimate holds :

Loo([()»Tend) XRS)

0<C<alr)<l, te[0Tn), =cR>.

So for strong solutions, the positivity of the fluid volume fraction is guaranteed. However,
nothing is said in the case solutions that contain discontinuities, such as shock waves, which
are of paramount interest for the applications. In the remaining of this work, we assume that
a, > 0. In the literature, multiple ways to model the close-packing limit can be found.

For instance, a possible way [6,20] to modify the Vlasov equation is to add a pressure term
in the force field I’

1
m,I' = D,(u —v) — m,V,p— mvxw(a),

The function 7 : [0,a,) — [0, + 00) is required to satisfy 7(0) = 0 and lim,_,,, 7(a) = +00.
Another possibility, found for instance in [64] is to modify the free transport operator directly:

f+Ve (vf —m()V,f)+V,-(Lf)=0.

Our first proposition to implement close-packing effects in the model (4.4) is to modify Vlasov
equation

Of+Ve - (vf =Vumf)+V,-(Lf)=0. (4.6)

In the literature [100], it is common to give a formula for 7, which is mainly of empirical nature.

A typical formula is
B
7r(a)=5< Yy ) , B>1.
o, — Oy

The coefficient ¢ > 0 is usually taken small. Its role is to make 7 negligible when a is not
very close to a,. The coefficient 5 > 1 is given empirically. This kind of expression for 7
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corresponds to so-called soft congestion models [100]. The idea is that the singular pressure 7
acts as a barrier that prevents the particle volume fraction from becoming too big.
When € — 0, the singular pressure 7 tends to a limit pressure 7., such that

(0 — )T =0, a>a,, 7en>0.

and the corresponding models that use this type of pressure are known as hard congestion
models [100]. The link between the hard and soft models is interesting from a numerical point
of view. The hard limit is difficult to handle because of the sharp unknown interface between
the free domain (where mo, = 0) and the congested domain. One can instead use the soft
model with small £ to approximate the hard model [41]. In this work, we only consider the
case € > (. Our second proposition to take into account the close packing limit is purely of
numerical nature. The idea is to introduce a correction procedure in the numerical scheme that
imposes the bound a > «4. The correction procedure we propose is inspired by works done
in [93,94,108] on the modeling of crowd motion.

To finish this section, let us write the two systems that we will study. We recall that the
conserved variables are n = ap, q = apu + m, [vf dv. The original system without packing
pressure 7 is

omn+V,-(q—my fvfdv) =0
®2
oq+ V- ((q—m*fvfdv) +m*fv®vfdfu> +pr(n) =0

n o
Of + Vs (0f)+ V- (Tf) =0 (4.7)
azl—m*/R?)fdv

mI' = —m,V,.p — D,(v — u),

that we will refer to as the "original model". Then, the system with added packing pressure

on+V,. - (q—my [vfdv) =0

i ®2
pas v, ({87700

hf+ V- [(v=Vem(a))f]+V, - (Lf)=0
o= 1—m*/RSfdv
m, = —-m,V,p— D,(v—u)

ﬂ(a):e< s )B, B> 1,

+m*fv®vfdv—m*8x7rffvdv>+pr( ):0

n
(0%

Oy — af
(4.8)

and we will refer to it as the "soft model".

4.2 Properties of the models

In this section, we recall some properties of the fluid phase and of the Vlasov equations that
are useful for the numerical discretization. For the sake of simplicity, we restrict ourselves to
the 1D case.
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4.2.1 Fluid part

4.2.1.1 Original system.
We will consider only an isentropic gas law, where the pressure is given by

n"/

Y’
The fluid part of the system writes
o, U+ 0, F(U,f) =0,

with
and

— 2 v
agu? +p+my [g fo?du (@ = Jn Jodo)” % + g fo?dv
(6]

aou q—my g fvdv
ron= )-

n

The Jacobian matrix of F with respect to U is

0 1
A(U,f):=VyF(U,f) = —(q — my [g fvdv)? . At 2(q —my g fodo) |- (4.9)

We know from Proposition 3.3.1 that the eigenvalues of the matrix A(U,f) are

p’(@).

)\i:uj:

4.2.1.2 Soft congestion system.

For the soft congested system, the total momentum equation is slightly different because of the
added pressure term 7.

Oy (agu—i—m*/Rfvdv> + 0, (agu2 +p+m*/Rv2fdv—m*8x7r/Rfvdv> =0.

The fluid part of the system then writes

o,U+ 0, F(U,f) =0,

) )
q aou~+my Jg fvdo
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and

agu? +p+m, g foPdv —m, 0,7 [ fody

F(U,f) = ( ot ) (4.10)

(4.11)

q—my Jg fodv
—Mx vav 2 .
(me Jg Oy o f0 Ao — maByr [ fodv
The jacobian of F with respect to U is the same so the eigenvalues of the system also write

v(e)

)\i:uﬂ:

4.2.2 Particle phase

Let ¢ and u be two given smooth functions. Let us consider first the original system (4.7) in
dragless case D, = 0. The Vlasov equation writes

Of + 10, f — 0,p(0)0 f = 0. (4.12)
The Vlasov equation admits a solution, given by the method of characteristics

ftxw) = fo(X(0;t,z,0), V(0;t,x,w)), (4.13)

where the characteristics curves X and V' are solutions of the following system of ODE
;SX(S; t,xw) =V(s;tz,w) (4.14)
X(t;txw) =, (4.15)
;SV(S; txw) = —0.p(s,X(s;t,x,0)), (4.16)
V(t;t,xw) =v (4.17)

When D, > 0 the Vlasov equation of the system (4.1) can be rewritten in the following non-
conservative form

Of + 00 f — up(0)0sf + Di(u —0)0, f = D, f. (4.18)
The solution can still be computed by the method of characteristics:

ft,zw) = fo(X(0;t,2,0), V(0;t,z,0))e’, (4.19)

where the characteristics curves X and V' are solutions of the following system of ODE
diX(s, txw) =V(s;tzw), (4.20)
X(t;t,zw) = (4.21)
iSV(s, txw) = —0,p (8, X(s;t,x,0)) + Dy (u(s,X(s;t,x,0)) — V(s;t,x,w)), (4.22)
V(t;txw) = (4.23)

Those formulae are the basic bricks of the semi-Lagrangian scheme. We deduce from the
formula (4.19) the following consequences
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e One has

min f(0,z,0)e”* < f(t,z.0) < max f(0,2,0)e”".

This expresses the general tendency of the drag force: the velocities of the particles tend
to align with the velocity of the ambient fluid w.

« When p # 1, the L? norms of f are not conserved: |f(t)|zz, = eP*0=1P £(0)| 10 ..
This is in contrast with plasma physics models such as the Vlasov-Poisson system where
all the L? norms are conserved (in fact, for every smooth function 3, the integrals of
B(f) are conserved). An interesting consequence is that the L? norm cannot be used to
evaluate the numerical diffusion. This is due to the fact that I' is not divergence-free
in the velocity variable v. This is unusual compared to plasma physics models such as
Vlasov-Poisson equations or Vlasov-Maxwell equations, see [21,50,112].

For the soft congested system (4.8), The Vlasov equation writes
Of +v0,f — 0p(Opm(a) f) — Oup(0)Ouf + Di(u — )0, f = D, f. (4.24)
The extra term introduces additionnal difficulty because the characteristic curves can no longer

be computed explicitly. The characteristic curves X and V' are solutions of the following system
of ODE

(fSX(s;t,x,v) = V(s;t,ew) — Oym(a(s,X (s:t,z,0))), (4.25)
X(ttzw) =z, (4.26)
iV(s;t,x,v) —0,p (5.X (s:t.2,0)) + D, (u (s,X (s:t,2,0)) — V(83 t,2,0)) (4.27)
V(t;taw) = v. (4.28)

4.3 Numerical methods

In this section, we present the numerical methods used to discretize systems (4.1) and (4.8). The
main idea consists of combining a Finite Volume method for the barotropic Euler equations, for
which we only consider a simple Rusanov flux [68] and a semi-Lagrangian method for the Vlasov
equation. Two different semi-Lagrangian scheme are used. The first one is a semi-Lagrangian
method based on cubic Spline interpolation [21] that we will refer to as the BSPL scheme. The
second one is a conservative semi-Lagrangian method known as Positive Flux Conservative [60]
that we will refer to as the PFC scheme.

We introduce the computational domain [Zmin, Tmax| X [Vmin,Vmax]. The lenght of the space
domain is denoted L = ZTpax — Tmin. We introduce a space discretization made of N, cells

with constant step Ax = NL Similarly the velocity domain is discretized by N, cells with
constant step Ay = "maxztmin - The cells are denoted [x;_1/2,Zi41/2] and [vj41/2,0;_1/2] with

center x; = %(x,qu/g +xi_1/2) and v; = %(Uj+1/2 + vj41/2) respectively.
We first present the two semi-Lagrangian methods used for the Vlasov equation, then we
briefly present the Finite Volume scheme used for the Euler system.
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4.3. Numerical methods

4.3.1 The Semi-Lagrangian method based on B-Spline interpolation

This method relies on the nonconservative form of the Vlasov equation (4.18) (and (4.24) for the
soft congested system). Assuming that the distribution function is known at a time t* = kAt,
the solution at time t**! is given by the formula (4.19). In this method, the distribution function
is approximated at the center of the cells of the computational domain, Z’“J = f(t*,x;,v;). Hence,
it is a pointwise discretization of the distribution function. It is updated at each time step from
its value at the foot of the characteristic curve (X (t*; t*™ z;v;), V (t%; t**1 2;0,)). In general,
the foot of the characteristic curve (X (¢%; t**1 z; v;), V (¢*; "™ 2, v;)) is not a point on the grid,
so it has to be interpolated. In this work, we interpolate the foot of the characteristic using
B-Spline interpolation [112]. This method is used for transport equations of the form

dg + A(t,y)9yg = 0.

where (t,y) — A(t,y) is a given advection field. Aslong as A is smooth enough, the characteristic
curves

d
@Y(S; ty) =AY (sity)), Yty =y,

are well defined and the solution writes

g(ty) = g(s,Y(s;ty)).

We denote as(y;41/2)icn, a finite set of mesh points of a given computational domain [Yin,Ymaz),
with constant step Ay = y;y1/2 — Yi—1/2, and y;, the center of the cell [y;_1/2,4i41/2]. Assuming
that g is known at a time t* = kAt, one has for ¢*(y) := g(t*,y),

g i) = g (Y (55 ).

Since Y (t*; t*™,y;) is not necessarily at the center of a cell, we interpolate the value g% (Y (t%; t*1 y;))
with a B-Spline. We introduce ¢%(y) the interpolation function

g5(y) = >_ 07y — uy),

with S® given by

3
(2— 'y') , if Ay < |y| < 27y,
$(y) = — AN
Y) = x— Yy Yy .
6Ay |4 -6 - 3 - fo< <A
0 otherwise.

To compute the coefficients 0;-“, one has to construct a linear system using the constraints

Qg(%) = gk(yz')'

We refer to [112] for details on the construction of this linear system.
This method has been developed to solve Vlasov-Poisson equations, where the advection
field is divergence-free. In our case, the Vlasov equation (4.18) (and (4.24) for the soft congested
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system) is not divergence-free because of the friction term. To remedy this problem, we intro-
duce an appropriate splitting between the divergence-free part (that is also splitting between
the advection in x and in v) and the non divergence-free part. For the original system (4.7), it
writes

Ouf + v, f =0, (4.29)
8tf—|—<£)l*u—8xp> d,f = 0. (4.30)

*

This is solved with with the BSPL scheme. In each case the foot of the characteristic curves

can be computed explicitly
X(thth ) = 2 — Atv,,
V(tE b v) = v, — At | =Sk - BEL_TELl )
( .]) J m* 1 QA{E
The non divergence-free part

o.f — 0, (Z:vf) —0

is solved using an implicit upwind scheme. For the soft-congested system, the splitting is done
by first solving the divergence-free part (4.30) then the non divergence)-free part that writes

O f —0p(Opm(a)f) =0 (4.31)
0.f — 0, <Z*v f> —0, (4.32)

are both solved with an implicit upwind scheme.

4.3.2 A conservative semi-Lagrangian method

We present here the conservative semi-Lagrangian method used in this Chapter [18,58,60]. It
is based on the conservative form of the Vlasov equation. For the sake of the presentation, we
will explain the method for a general transport equation of the form

0g + 0y(A(ty)g) =0, (4.33)

with a given advection field (t,y) — A(t,y). We assume that A is smooth enough so that the
characteristic curves

Y(sity) = A(s,Y(s:ty)), Y(tty) =y

ds
are well defined. Then the solution of (4.33) writes

9(ty) = g9(s,Y (s;t,9))J (s5ty)

for any t, s, y with
J(S, t,y) _ e(f: Oy A(0,Y (o3t,y)) da) )
Then, the solution g verifies the conservation property
b Y (s;t,b)
[ottwyay= [ gls)dy. (4:34)

Y (s;5t,a)
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4.3. Numerical methods

We denote as (1/i11/2)ien, a finite set of mesh points of a given computational domain [Ymin,Ymax),
with constant step Ay = y;11/2—¥i—1/2, and y;, the center of the cell [yi_l/g,yi+1/2], and assuming
that ¢ is known at a time t* = kAt, the formula (4.34) writes

Yit1/2 Y (t*5t5 g1 2)
/ gt )dy—/ g(t*y) dy.
Yi—1/2 Y (tF5th Ly, /9)

We obtain then the formulation
At
k+1 _ K
9 =9 — Ay (Gz+1/2 Gz 1/2)

with

1 Yir1/2

k k

9 = o / g(t"y) dy
Ay Yi—1/2 ( )

and the flux Gi?ﬂ/2 is

/y1+1/2
1+1/2 At thith 1y, +1/2)

The idea of the PFC scheme [60] is to compute the numerical flux by introducing a primitive
function G of g¢:

g(t*y) dy.

Yit1/2

1
k — = (C¥(s. _Ck kE.gn+l
Girpp = At/ ) 9(t"y)dy = = (G (wis1/2) = GV (#5" yi10))) -

The primitive function G* verifies G*(yi1/2) — G™(yi—1/2) = Ayg?, so that

?Jz+1/2 Z 9y

Then, we need to introduce an interpolation procedure to compute G*(Y (t*; 5% y,11/2)). Fol-
lowing [58], a third order reconstruction of the primitive function G leads to the following
formula for the numerical flux, when A is positive

akf L al al L; ak ok
= 2= O (b — gty B (120 (1 ) (g g
GZ+1/2 At [gz + 6 ( Ay) ( Ay) (gz-i-l gz ) + 6 ( Ay) < + Aa:) (gz gz—l)

where Lt and L~ are the limiters introduced by Umeda in [114]. These limiters preserve the
positivity and the local extrema of the numerical solutions. The coefficient «; is defined by

af = Yiy1/2 — Y (t5; tk+l>yz‘+1/2)-

In our case, the scheme can be simplified by using a splitting procedure. For the original
system (4.7), we first solve

Of + 0y (vf) =0
then b
0f +0, ((~0up(e) + - (u—v))f) =0.

*

In each case, the foot of the characteristic curves can be computed explicitly. One has

X (55 200 p0) = Tiga o — Atk
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: ko pk
V(" " i) = Uj+1/2€’%:mk +uf (1 - e’l’zimk) - p71+12A Pt g,
Yy

For the soft congested system (4.8), since in this case, the charateristic curve in x can no longer
be computed explicitely, we prefer to do another splitting and solve

atf + al‘(vf) = Oa
with the PFC scheme, then
O f — 0p(Opm()f) =0,

with an implicit upwind scheme, then

00 + 0, ((—0ple) + 2w =) f) =0,

MMy

with the PFC scheme.

4.3.3 Finite Volume scheme

We present here the Finite Volume scheme used in this Chapter [68]. The starting point of the
method is the fluid part written in conservation form

o,U+ 0, F(U,f) =0.
Assuming that the solution U is known at a time t* = kAt, the Finite Volume scheme write

At
U = U = 3y Frnge = Ficw)

where

1 Tit1/2
Ul .= —/ U(t",x) dx.
Al' Ti—1/2 ( )

It remains to give a definition for the numerical flux F;; /. In this work, we restrict ourselves
to a Rusanov flux:

F(U§+17 fzﬁ—l,j) + F(Uf § )

k k
» Jij Ui, - U;
2

2

FZ'_H/Q = - maX(/\:l:(Uf—&-l? i]fi-l,j)7 /\i(Uf’ fj))

(4.35)

4.3.4 Time splitting

Here, we describe the complete algorithm and the time splitting. We first present the splitting
for the BPSL scheme, then for the PFC scheme. We assume that the discrete solution (UF, f}))
at a time t* is known. To update theses quantities, we proceed as follows
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4.3. Numerical methods

B-Spline semi-Lagrangian method.
o Transport of the particles with velocity v in the direction z.
We compute f7; by solving the free transport 8t f+vd,f =0 with a BSPL scheme for a
timestep At*/ 2 with the initial condition
o Correction of the particle distribution.

In this step, we take into account the close packing limit.

— Soft Congestion case. We compute f;7 by solving the equation
O f — 0p(Opmef) =0

with a timestep At*/2 and the initial condition fi; with an implicit upwind scheme.

— Original system. We compute % by applying the Random Repair Algorithm de-

scribed in Section 4.3.4.1.

7«]

o Transport of the divergence free part of the force field in the direction v.
We compute f;* by solving 0;f + (Dsu — 9,p(0))0, f = 0 with the BSPL scheme during
a timestep N Wlth initial condition f;7.

o Treatment of the drift term.
We compute f;5** by solving the drift equation 0;f — d,(Dsvf) = 0 with an implicit
upwind scheme.

o Transport of the fluid.

We compute U by solving the fluid equations 9,U + 0,F(U,f) = 0 with a Finite

Volume scheme. Atk
t
Uit =Uf - E(Fi+1/2 —Fioip2).

The numerical flux is a Rusanov flux that depends on U¥ and fie

+1 Sl 9 - maX(Ai(UZm i+1,j)7)‘:|:(Uk f )

o Transport of the particles with velocity v the direction =x.

Uz+1 Uf

Fii1p=

Finally, we perform the last transport step of the particles. We compute f;7*** by solving
the free transport 0,f + vd,f = 0 with a BSPL scheme for a timestep Atk/2 with the
initial condition fi**

o Correction of the particle distribution.

In this step, we take into account the close packing limit.

— Soft Congestion case. We compute f’€+1 by solving the equation

8tf — 833( mﬂ'gf) =0

with a timestep At*/2 and the initial condition Ji with an implicit upwind
scheme.

— Original system. We compute Zk;r !

described in Section 4.3.4.1.

by applying the Random Repair Algorithm
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PFC scheme.

« Transport of the particles in the direction z. We solve the free transport with time
step %:
At
: (

* k k
fi,j - fi,j - ZA.T Fi+1/2,j - Fﬁi*l/?,j)

o Correction of the particle distribution.

In this step, we take into account the close packing limit.

— Soft Congestion case. We compute f;7 by solving the equation
atf - ax(amﬂ'ef) =0

with a timestep At*/2 and the initial condition fi; with an implicit upwind scheme.

— Original system. We compute f7 by applying the Random Repair Algorithm de-
scribed in Section 4.3.4.1.

e Transport of the fluid.

We compute U+ by solving the fluid equations 9,U + 9,F(U,f) = 0 with a Finite
Volume scheme with a Rusanov flux (4.35)

Atk
Uerl = Uf — H(Fﬂ.lﬂ - Fz’—l/?)

using the value f7.

e Transport in the direction v. We update the particle distribution function in the
direction v with a time step At

fi,j :fi,j - E (Fz',j+1/2_ i,j—l/?)‘

o Transport in the direction x We solve the free transport with a time step %:

fi7j = fi,j - 42A33 ( i+1/2,5 Fi—1/2,j> :

e Correction of the particle distribution.
In this step, we take into account the close packing limit.

k+1

— Soft Congestion case. We compute f;7" by solving the equation

atf - 6x(aac7raf) = 0

with a timestep At* /2 and the initial condition .+ " with an implicit upwind scheme.

kt1

.7 by applying the Random Repair Algorithm

— Original system. We compute
described in Section 4.3.4.1.
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4.3. Numerical methods

Remark 4.3.1 (About the timestepping). A complete stability analysis of the proposed scheme
is beyond the scope of this work. We nevertheless make some remarks about the timestepping.

o First, in the case of the BSPL scheme, note that the solving of the kinetic part does
not impose any constraint on the time stepping. Indeed, the BSPL is free of any CFL
condition because we use it for the case where the advection is constant. If the advection
is not constant, we would need to impose a CFL such that characterestics curves do no
cross. Furthermore, the resolution of the drift part of the drag force is done implicitly.
For the PFC method, one needs to impose a CFL condition such that the characteristics
do not cross each other [21,37]. This leads to the following restriction

max (|v;]|) Aty < Ax
j

Ak < Av
* 7 D (max;(Joy]) + max; ([uf])) + max; (|0.p5])

My

o For the resolution of the fluid part, an explicit Finite Volume Scheme is used. A formal
analysis of the Jacobian of the fluid part reveals that the eigenvalues write

p’(@).

/\:t:u:]:

For stability reasons, the timestep should verify

Ax

Atk < .
5= max<)‘i(Uf7 ilfj))

o In practice, we impose
k k

for the B-Spline semi-Lagrangian scheme, and
Athpe = CFLmin(AtY, Ath, Ath)

for the PFC scheme. In both cases, we take CFL = 0.5. With this choice of timestep,
we did not observe any numerical instability for the system (4.7). For the soft congestion
case, we observed instabilities in the region where a is close to a.. This probably could be
improved with implicit techniques for the fluid phase.

Remark 4.3.2 (About the Finite Volume scheme.). The weakest part of the scheme we proposed
is most certainly the Finite Volume part. In this study, the main focus is on the discretization
of the dispersed phase, this is why we restricted ourselves to the simplest Finite Volume scheme

for the fluid phase. An improvement would be to use for instance a Lagrange + Remap scheme.
See also [11,18, 91].
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4.3.4.1 Correction procedure

The spirit of the correction procedure is to compare af with o, and check if af > a,. In this
work, a is the same in all the cells, but one could easily extend this work to a non-homogenous
packing limit. Assume that of < a,, this means that the particle volume fraction in the cell
i, M AV Y, i’fj is too big, and one has to redistribute the mass in the cells around the cell 7.
Taking inspiration from [94], we propose to redistribute the mass with a stochastic algorithm.
Starting from the saturated cell, we initiate a random walk. When the walk encounters a cell
which is not saturated, it get rids of as much mass as it can. Then the random walk continues,
until the exceeding mass has been completely redistributed. The main difficulty for adapting
the algorithm from [94] is that we need to modify the distribution function fF; itself for all the
velocity cells j. The algorithm reads

Random Repair algorithm. Given a discretized distribution function Z»’fj, such that there
is a cell in the space domain i such that of < a,:

1. We start from a cell i where af < a.

2. We compute the exceeding mass Am. Then we compute

k
fij

— i 1l 5.
mAv 7, z'kfz7 o

k+1 _
i (1—oy)

Then o™ = q,.

3. Start a random walk (S,,), when the walk meets a cell S,, such that o > a, get rid of
as much mass as possible

A
Sk, forall j.

k+1 k
fsmv] mea] m*AU Zl by

k+1

When all the exceeding mass has been distributed, the volume fraction o; " is admissible.

4.4 Numerical results

In this section, we present several numerical results to validate each component of our method.
The first test examines linear damping [28,62] and focuses on verifying the coupling between
the volume fraction in the fluid phase and the pressure gradient in the dispersed phase. Next,
we assess how the close packing limit is handled, starting with the simplest case where there is
no gas. Finally, we present two tests that integrate all these aspects. We conclude with a last
test in 2D-2V

4.4.1 Linear Damping in the dragless case

In this test, we consider the dragless case D, = 0. The initial data is

ot =0,z) = 0o
u(t =0,x) =0
F(t=0a0) = e /* (1 + e cos(ka)) |
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(a) The evolution of ||¢ — ¢||z2 and |Ju||z2 with respect to ¢ with the PFC scheme. Here, N, = 128, N, = 32.
In blue the numerical result and in orange the solution predicted by the linear theory.
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(b) The evolution of || — o||r2 and ||u||r2 with respect to ¢ with the PFC scheme. Here, N, = 256, N, = 32.
In blue the numerical result and in orange the solution predicted by the linear theory.

Fig. 4.1

113



Chapter 4 : A coupled Finite Volume/semi-Lagrangian method for thick sprays

where ¢ = 0.001, £ = 0.5 and oo = 1. We take m, = 0.2 and N, = 32. The computational
domain is [0,47] x [—4,4]. It has been proven in [28,62] that in this case, one expects a damping
of ||o — o||z2 and ||ul|z2 to 0, and, with the given initial condition, the damping is expected to
be like cos(Re(w)t)eS™«)* where

w ~ 0.56 — 10.086.

In Figure 4.1, one can see the evolution of the L? norm of o — gy and u for the PFC scheme
with N, = 128 and N, = 256. We observe that the decay of these quantities follows very
well the linear theory developed in [28]. The observed recurrence time T = 51.84 is also well
calculated as the theoretical recurrence time is Tp = 27 /(kAv). We do not present result with
the BSPL scheme since this problem has been studied with this scheme in [28]. The model
without packing (4.7) and the model with soft packing (4.8) give the same results since in this
case, we are far from the packing limit, so we present only the results for the model without
packing (4.7).

4.4.2 Pure transport of particles without coupling

In this test, we only consider the pure transport of the particles, so that the equation discretized
in this subsection reads

8tf + v@xf = O,
f(t=0,2,v) = fo(z,w).
We consider the initial condition
1 _@=2? (=) 1 _@2)? (@=4)?
TV) = ————=e % e 2% 1,59(v) + ——=e 2% e 2%z 1,.9(v).
o) = o Vo, O o o v
The computational domain is [0,6] x [—6,6]. The coefficients are o, = 0.09, o, = 0.2 and
my, = 0.2. We take N, = N, = 256. In corresponds to the situation where there is two clouds
of particles going into each other. We are interested in the behavior of the Random Repair
Algorithm. The results can be found in Figure 4.2.

Initially, the two clouds are spread on opposite sides of the computational domain. As
they converge at the center, particle density increases, but the Random Repair Algorithm
successfully keeps it below the close-packing threshold. Eventually, some particles pass through
the congested zone, and the density of the particles decreases.

4.4.3 Collision of two pack of particles

In this test, we consider the case with a gas initially at rest, with two clouds of particles going
into the middle of the domain. The initial condition for the gas is

(QO,UO,PO)(@ = (17071)7

with v = 1.4. The initial condition for the particles is

1 _ (v=6)2 1 (z—2.6)2 1 _ (v+6)2 1 (z—3.4)2

20% e 20% 1’L)>0(U) + e 2012}

— 20% 1 .
fo(@.v) V270, ¢ 270, V270, 2mo, ¢ vo(v)
with o, = 0, = 0.1. The drag coefficient is D, = 1, and m, = 0.32, N, = N, = 200. Moreover,
a, = 0.4. The computational domain is [0,6] x [—10,10] with periodic boundary conditions on

both dimensions, and discretization parameters N, = N, = 200.
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Fig. 4.2: The particle volume fraction = — 1 — a(t,x) with the PFC scheme for different
times

The results for the PFC scheme are visible in Figure 4.3 with the system (4.7) and in
Figure 4.4 with the system (4.8). The results for the BSPL scheme are visible in Figure 4.6 for
the system (4.7)and in Figure 4.7 for the system (4.8).

Initially, the two particle clouds move toward each other, the particle volume fraction in-
creases until reaching the close-packing limit, «a,. This collision compresses the gas, causing a
sharp rise in fluid density in the congested zone. Over time, some particles begin to penetrate
this dense layer, reducing both the particle concentration and gas density as the congestion
dissipates.

The results from both PFC and BSPL schemes, for both systems (4.7) and (4.8), are nearly
identical.

Finally, we present convergence tests using the BSPL scheme, displaying the volume fraction
a at t = 0.1 for various mesh sizes. Figure 4.8a shows results with the original system (4.1),
while Figure 4.8b uses the soft congested system (4.8). Initially, the results indicate convergence
as the mesh is refined. However, with very fine meshes, we observe instabilities, suggesting
potential non-convergence of the method.

4.4.4 Shock wave passing through a layer of particles

In this test, we examine the interaction between a shock wave and a stationary particle cloud.
The gas is initialized with a shock front, with conditions:

( (@) (0.54,1.54,1.547)  for z < 0.2
JUg,po) () =
go-to-Po (1,0,1) for 2> 0.2,
where 7 = 1.4. Immediately after the shock front, there is a cloud of particles at equilibrium,
with an initial distribution function given by

1 _(@-3)? 1 02

ox e 57

\ 21Oy, © \ 2oy,

where 0, = 0, = 0.1. The computational domain is [0,6] x [-10,10]. Other parameters include
a drag coefficient D, = 1, m, = 0.32, a, = 0.4, and discretization parameters N, = N, = 200.
The results for the PFC scheme are shown in Figures 4.9 for system (4.7) and in Figures 4.10

fo(z,w) =
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for system (4.8). We also display the distribution function in Figure 4.11. Similarly, results for
the BSPL scheme appear in Figures 4.12 for system (4.7) and Figures 4.13 for system (4.8).

Initially, we observe that the shock wave compresses and pushes the particle cloud forward.
This interaction causes a noticeable increase in the gas density on the left side of the particle
cloud, as particles concentrate and reach the close-packing limit. At ¢ = 0.38, the fluid volume
fraction reaches the close-packing limit o, marking the peak compression phase in the congested
region. Due to drag effects and the pressure of the gas, the gas shock transfers momentum to the
particles, accelerating them in the shock’s direction. This momentum transfer results in particle
movement and spreading of the initial particle distribution as the shock front propagates. As
particles disperse following the shock passage, the gas density and particle volume fraction start
to decline, gradually returning to equilibrium. The density profile residual perturbations as the
particles and gas adjust post-shock.

While the PFC scheme performs well with minimal oscillations, the BSPL scheme encounters
difficulties in this test, showing significant spurious oscillations in the results.

4.4.5 Shock tube in 2D-2V.

In this section, we present a 2D-2V test using the BSPL scheme with linear splines. The
additional dimensions are handled via directional splitting, and we use only uniform meshes.
This test models a shock tube, with initial gas conditions:

(10, (0,0), 107) for z < 0.2,

» Uo, Z, -
(00, w0, o) (x,y) {<0.1257 (0,0),0.1257) for = > 0.2,

where 7 = 1.4. Immediately behind the shock front, there is a stationary particle cloud in
equilibrium, with an initial distribution function:

hol ) 1 @052 1] _w=05? ] _w 1 v
T, Y, Vg, Uy) = e x ———e v e o e v
0> Y, Vs, Uy V2mo, oy, V270, V270, ’

where 0, = 0, = 0, = 0.1. The computational domain is [0, 1]? x [—6,6]>. The simulation
parameters are D, = 0,m, = 0.0375, and discretization parameters are N, = N, = N, =
N,, = 64.

In Figure 4.14, we present a cross-section of the solution aty = 0.5. Figures 4.15, 4.16, and
4.17 display the complete solution across the 2D spatial domain. In Figure 4.15, the red cells
indicate regions where the volume fraction reaches the close-packing limit. Due to the inherent
randomness of the algorithm, we notice a loss of symmetry along the y = 0.5 axis. Nevertheless,
the numerical behavior remains consistent with that observed in the 1D case.
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(a) The fluid volume fraction z — «(t,z) with the PFC scheme at different times ¢t = 0, t = 0.05, ¢t = 0.09,
t=0.12 and t = 0.19.
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(b) The fluid density x — o(t, 2) with the PFC scheme at different times ¢ = 0, t = 0.05, ¢t = 0.09, t = 0.12 and
t =0.19.
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(c) The fluid velocity x — u(t, z) with the PFC scheme at different times ¢ =0, ¢ = 0.05, ¢t = 0.09, ¢ = 0.12 and
t=0.19.

Fig. 4.3: Collision with the original model (4.7) with the PFC scheme.
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(a) The fluid volume fraction z — «(t,z) with the PFC scheme at different times ¢t = 0, t = 0.05, ¢t = 0.09,
t=0.13 and t = 0.19.

4
—o— —0.00s
~W- £ =005s
34 /‘:‘\ —k- {=0.09s
L TN @ 1=013s
® A A\ —— £—0.19s
< 21 3
=
1 -
0 T T T T T T T
2.00 2.25 2.50 2.75 3.00 3.25 3.50 3.75 4.00

Position, z

(b) The fluid density x — o(t, z) with the PFC scheme at different times ¢ = 0, t = 0.05, ¢t = 0.09, t = 0.13 and
t =0.19.
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(¢) The fluid velocity x — u(t, z) with the PFC scheme at different times ¢ =0, ¢ = 0.05, ¢t = 0.09, ¢ = 0.13 and
t=0.19.

Fig. 4.4: Collision with the soft-congested model (4.8) with ¢ = 10~% with the PFC scheme.
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Fig. 4.5: The particle distribution function f(¢,x,v) for the soft-congested system (4.8)
with the PFC scheme at different times.
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(a) The fluid volume fraction = — «(t,x) with the BSPL scheme at different times ¢ = 0, ¢ = 0.06, ¢ = 0.08,
t=0.11 and t = 0.16.
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(b) The fluid density x — o(t, ) with the BSPL scheme at different times ¢ = 0, ¢ = 0.06, ¢ = 0.08, t = 0.11
and t = 0.16.
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(¢) The fluid velocity x — u(t,x) with the BSPL scheme at different times ¢ = 0, t = 0.06, t = 0.08, t = 0.11
and t = 0.16.

Fig. 4.6: Collision with the original model (4.7) with the BSPL scheme.
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(a) The fluid volume fraction = — «(t,x) with the BSPL scheme at different times ¢ = 0, ¢ = 0.06, ¢ = 0.08,
t=0.11 and t = 0.16.
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(b) The fluid density x — o(t, ) with the BSPL scheme at different times ¢ = 0, ¢ = 0.06, ¢ = 0.08, t = 0.11
and t = 0.16.
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(¢) The fluid velocity x — u(t,x) with the BSPL scheme at different times ¢ = 0, t = 0.06, t = 0.08, t = 0.11
and t = 0.16.

Fig. 4.7: Shock with the soft-congested model with ¢ = 107% with the BSPL scheme.
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(a) The fluid volume fraction « at T' = 0.1, with the system (4.1). The integer n denotes the number of cell in
the spatial domain.
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(b) The fluid volume fraction a at T' = 0.1, with the soft congested system. € = 10~°. The integer n denotes
the number of cell in the spatial domain.
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(a) The fluid volume fraction z — «(t,z) with the PFC scheme at different times ¢t = 0, t = 0.31, t = 0.38,
t =0.53 and t = 0.68.
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(b) The fluid density x — o(t, z) with the PFC scheme at different times ¢t = 0, t = 0.31, ¢t = 0.38, t = 0.53 and
t = 0.68.
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(c¢) The fluid velocity x — u(t, z) with the PFC scheme at different times ¢ =0, ¢ = 0.31, ¢t = 0.38, t = 0.53 and
t =0.68.

Fig. 4.9: Shock with the original model with the PFC scheme.
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(a) The fluid volume fraction z — «(t,z) with the PFC scheme at different times ¢t = 0, t = 0.31, t = 0.38,
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(c¢) The fluid velocity x — u(t, z) with the PFC scheme at different times ¢ =0, ¢ = 0.31, ¢t = 0.38, t = 0.53 and
t =0.68.

Fig. 4.10: Shock with the soft-congested model with ¢ = 107 with the PFC scheme.
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Fig. 4.11: The particle distribution function f(¢,z,v) for the soft-congested system (4.8)
with the PFC scheme at different times.
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(a) The fluid volume fraction x — «(t,z) with the BSPL scheme at different times ¢t = 0.02, ¢t = 0.32, t = 0.44,
t =0.61 and ¢t = 0.91.
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(b) The fluid density = — o(¢, z) with the BSPL scheme at different times ¢t = 0.02, t = 0.32, ¢t = 0.44, ¢ = 0.61
and t = 0.91.
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(¢) The fluid velocity x — u(t,z) with the BSPL scheme at different times ¢ = 0, t = 0.32, t = 0.44, ¢t = 0.61
and t = 0.92.

Fig. 4.12: Shock with the original model (4.7) with the BSPL scheme.
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(a) The fluid volume fraction z — «(t,z) with the PFC scheme at different times ¢t = 0, t = 0.32, t = 0.44,
t =0.61 and t = 0.92.
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(b) The fluid density x — o(t, z) with the PFC scheme at different times ¢ = 0, t = 0.32, ¢t = 0.44, t = 0.61 and
t =0.92.
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(¢) The fluid velocity x — u(t, z) with the PFC scheme at different times ¢t =0, ¢ = 0.32, ¢t = 0.44, ¢t = 0.61 and
t =0.92.

Fig. 4.13: Shock with the soft-congested model (4.8) with e = 10~% with the BSPL scheme.
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(a) Cross section of the fluid volume fraction  — «(t, z,y = 0.5) with the BSPL scheme at different times ¢ = 0,
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(b) Cross section of the pressure x — p(t,z,y = 0.5) with the BSPL scheme at different times ¢ = 0, ¢t = 0.32,
t=0.44,t = 0.61 and t = 0.92.
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(c) Cross section of the z-component of the fluid velocity © — u, (¢, z, = 0.5) with the BSPL scheme at different
times t =0, ¢t =0.32, t =0.44, t = 0.61 and ¢t = 0.92.

Fig. 4.14: Shock tube with the original model (4.8) in 2D-2V with the BSPL scheme.
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times.
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Fig. 4.16: The pressure of the fluid p(¢,z,y) with the BSPL scheme at different times.
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Fig. 4.17: The velocity of the fluid w(¢,z,y) with the BSPL scheme at different times. The
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actual velocity vector u.
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Conclusions and perspectives

In this thesis, we studied a fluid-kinetic coupling that describes dense suspension of particles in a
carrying fluid. We proposed several contribution. The Chapter 2 is dedicated to the existence of
solution for thick spray. After introducing the main difficulties to construct local-in-time strong
solutions, we introduced a new averaged system for descring thick spray, by reintroducing the
radius of the particles explicitely in the equations. This led to a result of local-in-time well-
posedness for strong solution. The Chapter 3 study a linearized thick spray model without
friction. We show that the structure of the linearized equation is reminiscient to the linearized
Vlasov Poisson equations, around suitable equilibrium, and that this structure leads to a linear
damping result, which present a qualitatively similar behavior to the linear Landau damping of
plasma physics. We also present a numerical scheme that illustrate the damping effect. We also
present some numerical result for instable equilibrium profiles, and we compare the numerical
result to the correspondign test cases of plasma physics. The Chapter 4 is dedicated to the
construction of a numerical scheme for thick spray models, based on a Finite Volume scheme
for the fluid part, and a semi-Lagrangian scheme for the particles. We also propose methods
to take into account a close packing limit of the particles in the simulations. The results show
that semi-Lagrangian method can be well adapted to simulate a thick spray model, and that a
close packing limit can be recovered by the proposed methodologies.
We list several natural perspectives to this work:

o It would be interesting to try to construct global weak solution in the suitable sence for
the proposed averaged thick spray model. Moreover, adapting the numerical schemes
proposed in Chapter 4 to the thick spray model seems to be an interesting perspective.
It would be interesting to extend the local-in-time well-posedness result to an averaged
system that take into account more physics: energy exchange between the particles,
polydispersion, collision, fragmentation, coalescence.

o A natural question that arise in light of the linear damping result is: Can we extend this
result for the full nonlinear system ? This question seems to be difficult, and the methods
used for the nonlinear Landau damping [16,96] are probably not adapted.

o The numerical methods proposed in the Chapter 4 can still be greatly improved. An
immediate perspective could be to use a better numerical scheme for the gas part, for
example, using a Lagrange-+remap method. Moreover, the incorporation of more variable
for the particles and using the full Euler system for the fluid part is important for the
physical applications.

o Concerning the modification to account for the close-packing limit, it appears that this
adjustment may not be ideal from a modeling perspective. Specifically, the modification
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is of “first order,” meaning that particles slow down as the density approaches the close-
packing limit but regain their initial velocities when the density decreases. A “second-
order” adjustment, where the packing pressure is included in the acceleration term of the
Vlasov equation, might be more appropriate. Currently, the packing pressure is included
in the transport operator, based on our conjecture—supported by numerical results—that
the Random Repair algorithm approximates a hard congestion model. It would be in-
teresting to explore methods developed for second-order hard congestion models, see the
PhD thesis of Anthony Preux [103].
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Etude Mathématique et Numérique de Modeles de Spray Epais

Résumé : Cette these est consacrée a la modélisation, a ’analyse mathématique et a ’analyse numérique d’un systéme
d’équations aux dérivées partielles décrivant 1’évolution d’une suspension de particules neutres dans un fluide ambiant,
souvent désignée sous le nom de spray. La phase dispersée est modélisée par les équations de la théorie cinétique,
tandis que la phase continue est décrite par les équations de la mécanique des fluides. Nous nous concentrons en
particulier sur le cas des sprays dits épais.

Le Chapitre 2 est consacré au probléme de la construction de solutions pour le systéme des sprays épais. Nous
introduisons un nouveau systeme dans lequel les termes singuliers sont régularisés et nous démontrons ’existence et
I'unicité de solutions avec une régularité de type Sobolev, localement en temps.

Le Chapitre 3 explore I'analogie entre le systéme des sprays épais et le systeme de Vlasov-Poisson décrivant un
plasma électrostatique. Nous montrons qu’en ’absence de friction, le systeme des sprays épais présente une propriété
d’amortissement linéaire de 1’énergie acoustique, analogue a ’amortissement de Landau bien connu en physique des
plasmas. Cet effet est illustré par des résultats numériques.

Le Chapitre 4 est consacré a la simulation numérique du systéme des sprays épais. Nous proposons une approche
combinant des méthodes existantes : une méthode semi-Lagrangienne pour la phase dispersée, couplée a une méthode
de type Volume Fini pour la phase continue. Nous abordons également le probleme de la limite de packing et
introduisons deux méthodes permettant de conserver cette limite au niveau discret. Enfin, nous présentons des
résultats numériques..

Mots-clés : Equations aux dérivées partielles, théorie cinétique, mécanique des fluides, analyse.

Mathematical and Numerical Study of Thick Spray Models

Abstract: This thesis is dedicated to the modeling, mathematical analysis, and numerical analysis of a partial
differential equation system describing the evolution of a suspension of neutral particles in a surrounding fluid, often
referred to as a spray. The dispersed phase is modeled by the equations of kinetic theory, while the continuous phase
is described by the equations of fluid mechanics. We focus particularly on the case of so-called thick sprays.

Chapter 2 is devoted to the problem of constructing solutions for the thick spray system. We introduce a new
system in which singular terms are regularized, and we prove the existence and uniqueness of solutions with Sobolev
regularity, locally in time.

Chapter 3 explores the analogy between the thick spray system and the Vlasov-Poisson system describing an
electrostatic plasma. We demonstrate that, in the absence of friction, the thick spray system exhibits a property of
linear damping of acoustic energy, analogous to Landau damping, which is well known in plasma physics. This effect
is illustrated by numerical results.

Chapter 4 is dedicated to the numerical simulation of the thick spray system. We present an approach that
combines existing methods: a semi-Lagrangian method for the dispersed phase, coupled with a finite volume method
for the continuous phase. We also address the packing limit issue and introduce two methods to preserve this packing
limit at the discrete level. Finally, we present numerical results.

Keywords: Partial differential equations, kinetic theory, fluid mechanics, analysis.
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Etablissements de recherche :
CEA/DAM/DIF
Laboratoire Jacques Louis Lions



	Introduction
	Introduction to spray models
	Kinetic theory
	Fluid mechanics
	Model for spray

	Construction of solutions
	Mathematical difficulties for thick spray
	Heuristics for a regularization of the thick spray model
	Local in time well-posedness for an averaged thick spray model.

	Analog of Landau damping in thick sprays
	Section 3
	Linearization of thick spray equations
	Parallel between the thick spray model and Vlasov-Poisson equations
	Linear damping in thick sprays
	Strategy of the proof
	Sous-section 1
	Sous-section 2

	A coupled Finite Volume/semi-Lagrangian method for thick sprays
	Congestion in fluid equations
	Close-packing limit in thick sprays
	Numerical discretization
	Methods used in this thesis


	Construction of solutions
	Local-in-time existence of strong solutions to an averaged thick spray model
	Introduction 
	Justification of the convolution operator
	Properties of the system
	Positivity of the volume fraction of the gas for smooth solutions
	Local in time well-posedness
	Iterative approximation scheme
	Preliminary lemmas and a priori estimates
	Convergence of the iterative process
	Proof of Theorem 2.1.5

	Weak solutions
	Construction of weak solutions for the regularized thick spray model
	Weak solutions for the thick spray model


	Analogy between the thick spray system and plasma physics: Linear Landau damping and instabilities
	Introduction
	Linear Damping
	The linear thick spray model
	Spectral theory for linear thick sprays
	Dispersion relation

	Numerical illustrations
	Numerical methods
	Numerical results

	The case with friction
	Instabilities of the linearized system
	The dispersion relation.
	Numerical illustrations
	Two-stream instability
	Bump on tail instability
	Strong damping

	Perspective

	A coupled Finite Volume/semi-Lagrangian method for thick sprays
	Introduction
	Conservative form
	Close-packing limit.

	Properties of the models
	Fluid part
	Particle phase

	Numerical methods
	The Semi-Lagrangian method based on B-Spline interpolation
	A conservative semi-Lagrangian method
	Finite Volume scheme
	Time splitting

	Numerical results
	Linear Damping in the dragless case
	Pure transport of particles without coupling
	Collision of two pack of particles
	Shock wave passing through a layer of particles
	Shock tube in 2D-2V.


	Conclusions and perspectives
	Bibliography

