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A DERIVATION OF THE VLASOV-NAVIER-STOKES MODEL FOR
AEROSOL FLOWS FROM KINETIC THEORY*
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VALERIA RICCIY

Abstract. This article proposes a derivation of the Vlasov—Navier—Stokes system for spray/aerosol
flows. The distribution function of the dispersed phase is governed by a Vlasov-equation, while the
velocity field of the propellant satisfies the Navier—Stokes equations for incompressible fluids. The dy-
namics of the dispersed phase and of the propellant are coupled through the drag force exerted by the
propellant on the dispersed phase. We present a formal derivation of this model from a multiphase
Boltzmann system for a binary gaseous mixture, involving the droplets/dust particles in the dispersed
phase as one species, and the gas molecules as the other species. Under suitable assumptions on the col-
lision kernels, we prove that the sequences of solutions to the multiphase Boltzmann system converge to
distributional solutions to the Vlasov-Navier—Stokes equation in some appropriate distinguished scaling
limit. Specifically, we assume (a) that the mass ratio of the gas molecules to the dust particles/droplets
is small, (b) that the thermal speed of the dust particles/droplets is much smaller than that of the gas
molecules and (c) that the mass density of the gas and of the dispersed phase are of the same order
of magnitude. The class of kernels modelling the interaction between the dispersed phase and the gas
includes, among others, elastic collisions and inelastic collisions of the type introduced in [F. Charles:
in “Proceedings of the 26th International Symposium on Rarefied Gas Dynamics”, AIP Conf. Proc.
1084:409-414, 2008].
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1. Introduction

An aerosol (or a spray) is a complex fluid consisting of a dispersed phase, for in-
stance solid particles or liquid droplets, immersed in a gas, sometimes referred to as the
propellant.

An important class of models for the dynamics of aerosol/spray flows consists of
(a) a kinetic equation for the dispersed phase, and
(b) a fluid equation for the background gas.

The kinetic equation for the dispersed phase and the fluid equation for the back-
ground gas are coupled through the drag force exerted by the gas on the droplets/par-
ticles.

A well-known example of this class of models is the (incompressible) Vlasov—Navier—
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Stokes system:

OF +v-VyF — — divy((v—u)F) =0,
mp

Pg(atu+u'vxu)+pr=ngAxu+fi/ (v—u)Fdv, (L.1)
R3

div,u=0.

The unknowns in this system are F'=F(t,x,v)>0, the distribution function of the
dispersed phase, i.e. the number density of particles or droplets with velocity v located at
the position x at time ¢, and u=wu(t,r) € R3, the velocity field in the gas. The parameters
K, My, pg and v are positive constants. Specifically, « is the friction coefficient of the
gas on the dispersed phase, m,, is the mass of a particle or droplet, and p, is the gas
density, while v is the kinematic viscosity of the gas. The last equation in the system
above indicates that the gas flow is considered as incompressible!. The scalar pressure
field p=p(t,x) € R is instantaneously coupled to the unknowns F' and u by the Poisson
equation

—Amp:pgtrace((vzu)2)—/{divx/ (v—u)Fdv.
R3

The mathematical theory of the Vlasov—Navier—Stokes system has been discussed in [34].
Various asymptotic limits of the Vlasov-Stokes system that are of great interests in the
modeling of aerosol or spray flows have been investigated in the mathematical literature:
see for instance [17,23,24].

Our aim in the present work is different: we are concerned in deriving models such
as the Vlasov—Navier—Stokes system from a more microscopic description of aerosol
flows.

Perhaps the most natural idea for doing so is to view the Vlasov-Navier—Stokes
system as a mean field model governing the limit of the solid particles (or droplets)
phase space empirical measure as the particle number tends to infinity and the particle
radius vanishes in some appropriate distinguished scaling.

Derivations of the Stokes and Navier—Stokes equation with a force term including
the drag force exerted by the particles on the fluid (known as the Brinkman force) from
a system consisting of a large number of particles immersed in a viscous fluid can be
found in [1,16]. While these papers obtain the same Navier-Stokes equation as in the
coupled system above (more precisely, its steady variant), they assume that the phase
space distribution of particles or droplets is given, and therefore do not derive the full
Vlasov—Navier—Stokes system. The reason for this shortcoming is the following: both
references [1, 16] use the method of homogenization of elliptic operators with holes of
finite capacity pioneered by Khruslov and his school — see for instance [11,30]. Unfor-
tunately, these methods assume that the minimal distance between particles remains
uniformly much larger than the particle radius 7 < 1 — specifically, of the order of /3
in space dimension 3. While this assumption can be imposed if the distribution of par-
ticles is given, such a control on the distance between neighboring particles is probably
not nicely propagated by the particle dynamics and most likely hard to establish (see
however [26] for interesting ideas in this direction). Even if such a control could be

Tt is well known that the motion of a gas at a very low Mach number is governed by the equations
of incompressible fluid mechanics, even though a gas is a compressible fluid. A formal justification for
this fact can be found on pp. 11-12 in [29].
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established, configurations of N particles with such a uniform control on the minimal
distance between neighboring particles are of vanishing probability in the large N limit:
see for instance Proposition 4 in [25]. Worse, the coupled dynamics of finitely many
rigid spheres immersed in a Navier—Stokes flow may not be defined for all positive times:
see [14,19].

In view of all these difficulties, we have chosen another route to derive coupled sys-
tems such as the Vlasov—Navier—Stokes system from a more microscopic model. Specif-
ically, we start from a coupled system of Boltzmann equations for the solid particles or
droplets and for the gas molecules.

One might object that the Boltzmann equation is a first principle equation neither
for the solid particles nor for the gas molecules. In addition, the idea to treat the gas
molecules and the particles in the dispersed phase on equal footing is most unnatural.
On the other hand, the system of Newton’s equations written for each solid particle im-
mersed in an incompressible Navier—Stokes fluid cannot be considered as a first principle
model for aerosol flows either. Indeed, it is only in some very special asymptotic limit
that the dynamics of a gas is governed by the incompressible Navier-Stokes equations.

On the other hand, using a system of Boltzmann equations for the dispersed phase
and the gas allows considering distributions of solid particles or droplets without any
constraint on the minimal distance between neighbouring particles. In fact collisions
between particles in the dispersed phase are described by a collision integral, in the
same way as collisions between gas molecules.

Another benefit in this approach is the great variety of models describing the in-
teraction between the dispersed phase and the propellant. In the present work, this
interaction is described in terms of a general class of Boltzmann type collision integrals,
assumed to satisfy a few assumptions discussed in Section 3 below. We have focused our
attention on two examples of such collision integrals; in one case, collisions are assumed
to be elastic, while the other example is based on the diffuse reflection of gas molecules
on the surface of dust particles or droplets, which is an inelastic process.

For that reason, we believe that the idea of starting from the kinetic theory of mul-
ticomponent gases may provide an interesting alternative to the traditional arguments
used in deriving the various dynamical models appearing in the theory of aerosol flows.

This approach should not be confused with the more detailed analysis of rarefied
gas flows past an immersed body (see for instance [31-33]). It has been known for a long
time that the motion of an immersed body in a viscous fluid involves nonlocal effects
in the time variable: see [5] for a short, yet detailed presentation of the Boussinesq-
Basset force. Similar effects can be observed in the case of a solid particle immersed in
a rarefied gas and have been recently studied: see [2] and the references therein. Since
our description of the interaction between the dispersed phase and the propellant is
based on collision integrals, it does not include such effects. On the other hand, our
purpose is not to focus on the details of the interaction between a single dust particle
or droplet with the propellant, but rather to investigate the collective behavior of the
dispersed phase. Whether the system of Boltzmann equations for a 2-component gas can
be justified from a more detailed, microscopic model, such as the dynamics of a system
of solid particles immersed in a rarefied gas, seems to be a very interesting problem,
albeit a very difficult one.

Our derivation of dynamical equations for aerosol flows from the kinetic theory of
multicomponent gas is systematic yet formal, in the sense of the derivations of fluid
dynamic equations from the Boltzmann equation in [3].
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2. Boltzmann equations for multicomponent gases

Consider a binary mixture consisting of microscopic gas molecules and much bigger
solid dust particles or liquid droplets. For simplicity, we henceforth assume that the
dust particles or droplets are identical (in particular, the spray is monodisperse: all
particles have the same mass), and that the gas is monatomic. We denote from now
on by F=F(t,z,v) >0 the distribution function of dust particles or droplets, and by
f=f(t,x,w) >0 the distribution function of gas molecules. These distribution functions
satisfy the system of Boltzmann equations

(O +v-Vo)F=D(F,f)+B(F),

(O +w-V,) f=R(f,F)+C(f). (2.1)

The terms B(F') and C(f) are the Boltzmann collision integrals for pairs of dust particles
or liquid droplets and for pairs of gas molecules respectively. The terms D(F, f) and
R(f,F) are Boltzmann type collision integrals describing the deflection of dust particles
or liquid droplets due to the impingement of gas molecules, and the slowing down of
gas molecules caused by collisions with dust particles or liquid droplets respectively.

2.1. Outline of the paper. Our main result, i.e. is the derivation of the
Vlasov—Navier—Stokes system from the system of Boltzmann equations (2.1), is stated
as Theorem 4.1 in Section 4. Unfortunately, even a formal derivation as in Theorem
4.1 cannot be formulated before several preliminaries have been presented in detail.
Roughly speaking, the principle of this derivation is based on the following key ideas.

(a) The deflection collision integral D(F, f), appropriately scaled, converges to the
term

L divy((v—u)F)

myp
in the Vlasov equation in system (1.1); see Proposition 4.2 in Section 4.2.2.
(b) The first order moment of the collision integral R(f,F), i.e.

/vR(f,F)dv,

appropriately scaled, converges to the friction term

H/ (v—u)Fduv;
R3

see Proposition 4.3 in Section 4.2.3

(c) Finally, the incompressible Navier—Stokes system is derived from the Boltzmann
equation for the propellant (the second equation in (2.1)) by the formal procedure
described in detail in [3]. In particular, the asymptotic form of propellant distribution
function is established in Proposition 4.1 in Section 4.2.1, the incompressibility condition
in Proposition 4.4 in Section 4.2.4, while the derivations of the convection and the
diffusion term in the Navier—Stokes equation in (1.1) are presented in Propositions 4.6
and 4.5, to be found in Sections 4.2.6 and 4.2.5 respectively.

Otherwise, the outline of this paper is the following: Section 2 introduces the system
of Boltzmann equations used as the starting point in our derivation. In particular, the
fundamental conservation laws and basic properties of this system are recalled in Section
2, along with the dimensionless form of the equations and the definition of the scaling
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parameters involved. Section 3 studies in detail the main properties of the collision
kernel describing the interaction of gas molecules with dust particles or droplets. The
proof of Theorem 4.1 occupies most of Section 4.

2.2. Fundamental conservation laws for multicomponent Boltzmann sys-
tems.  Before describing in detail the collision integrals introduced above, we recall
their fundamental properties.

Collisions between gas molecules are assumed to be elastic, so that the Boltzmann
collision integral C(f) satisfies the following local conservation laws of mass, momentum
and energy: for each measurable f defined a.e. on R? and rapidly decaying as |w| — oo,

1
C(filw)| w |dw=0. (2.2)

- ol?

Collisions between dust particles or liquid droplets may not be perfectly elastic, so
that the Boltzmann collision integral B(F') satisfies only the local conservation laws of
mass and momentum: for each measurable F defined a.e. on R? and rapidly decaying
as |v| = oo,

[ BE)w) (3}) dv=0. (2.3)

Collisions between gas molecules and dust particles or liquid droplets obviously
preserve the nature of the colliding objects. Therefore, the collision integrals D(F, f)
and R(f,F) satisfy the following local conservation of particle number per species: for
each measurable F' and f defined a.e. on R? and rapidly decaying at infinity,

D(F, f)(v)dv = /R R () dw=0. (2.4)

R3

These collision integrals satisfy the local balance of momentum in the aerosol, i.e.

my "D(Rf)(v)vdv—l—mg/ R(f,F)(w)wdw=0, (2.5)
R3 R3

where m, is the mass of gas molecules and m, the mass of dust particles or liquid
droplets.

If the collisions between gas molecules and droplets or dust particles are elastic,
these collision integrals satisfy in addition the local balance of energy in the aerosol, i.e.

m,,/ D(F,f)(v)%\v|2dv+mg/ R(S,F)(w) w2 dw=0,
R3 R3

2.3. Dimensionless Boltzmann systems. We assume for simplicity that the
aerosol is enclosed in a periodic box of size L >0, i.e. z€R3/LZ3. Henceforth, the
distribution functions F' and f are viewed as LZ3-periodic functions of the position
x. The system of Boltzmann equations (2.1) involves an important number of physical
parameters, which are listed in the table below.

We first define a dimensionless position variable:

F:=x/L,
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’ Parameter \ Definition ‘
L size of the container (periodic box)
N, number of particles/L>
N, number of gas molecules/L?
Vi thermal speed of particles
Ve thermal speed of gas molecules

Spp average particle/particle cross-section

Spg average particle/gas cross-section

Sgg average molecular cross-section
n=mg/my mass ratio (molecules/particles)
e=V,/V, thermal speed ratio (particles/molecules)

TABLE 2.1. the physical parameters for binary gas miztures

together with dimensionless velocity variables for each species:
0:=v/V,, w:=w/Vj.

In other words, the velocity of each species is measured in terms of the thermal speed
of the particles in the species under consideration.

Next, we define a time variable, which is adapted to the individual motion of the
typical particle of the slowest species, i.e. the dust particles or droplets:

=tV,/L.
Finally, we define dimensionless distribution functions for each particle species:
F(t,2,0):=V2F(tz,v) /N,  ft.3,0):=V]f(t,z,w)/N,.

The definition of dimensionless collision integrals is more complex and involves the
average collision cross-sections Sy, Spg, 944, Whose definition is recalled below.
The collision integrals B(F'), C(f), D(F, f) and R(f,F) are given by expressions of

the form
=[] PR, e
R3xR3
—F(v /FU* [0 =4 | Zpp (Jv — vs]) dvs,

//Rngsfw w, ) Hgg(w,dw’ dw))
*f(“’)/mf<“’*>'wfw*\Egg<lwfw*|>dw*,

=[] Py (00 dw)

—F() [ Tlo=lS (o —w)du

[ P )
R3xR3
~fw) [ Pl (o—ul)as

(2.6)
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In these expressions, II,,,I144,11,4,I1,, are nonnegative, measure-valued measurable
functions defined a.e. on R?, while Yppr2gg, 2pg are nonnegative measurable functions
defined a.e. on R;.

The quantities IT and ¥ are related by the following identities:

/ dvIl,, (v,dv'dv)) =[v" = v} |Z,, (|0 — vl |)dv’ dvl,
R}

/ dwllyy(w,dw’ dw)) =|w" —w|E4,(Jw —w!])dw' dw,
3
R (2.7)

dvTlyg (v, dv’dw’) = [ —w'[Spg (v —w'[) dv’ dw,
R}

/R3 dwIlyy(w,dv" dw’) =[v" —w'|Sp, (|0 —w']) dv’ dw'.

In each one of these identities, the left hand side is to be understood as an integral with
respect to the unprimed variable (v for the 1st and 3rd identities, w for the 2nd and
the 4th) of a nonnegative measurable function with values in the set of Borel measures
on R3xR3. The identities (2.7) imply the conservation of mass for each species of
particles for all the collision integrals appearing in (2.6). These conservation laws have
been stated above: see the first lines of equations (2.2) and (2.3), and (2.4).

We refer to formula (3.6) in [28] for this general presentation of collision integrals.
Specific examples of these collision integrals will be discussed in Section 2.4 below

According to formula (2.2) in [28], X,,,X4, and 3,4 have the dimensions of areas.
The corresponding dimensionless quantities are

21013('{)') :Epp(vp‘ﬁl)/spw
igg(mn :zgg(ngD/Sgga

zA:pg(|73|) :Zpg(vg|2‘)/5pg-
Likewise, we define the dimensionless measure-valued collision kernels by the formulas
=1L, (v, dv’dv;)/SppV;L,
=1y (w,dw'dwl)/Sg,Vy,
=g (v,dv' dw’) /Spe V),
qu(w,dv/dw/)/snggVﬁ.

We henceforth define the dimensionless collision integrals as follows:

// F (") F (0L, (0,d0" do’,)
R3><R3

<>/ F(0) =0, Sl =0.) do.,

C(f)(w) //Rsxm W) f (W) gy (10, dad’ dai’,)

— f() RSf(w*”“’ Wy Sgg (| — ) i,
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while

With the dimensionless quantities so defined, we arrive at the following dimension-
less form of the multicomponent Boltzmann system:

. ~ V., A A = ~
O EF +0-ViF :NgSngng(F,f) + N, S,y LB(E),

v, . (2.8)
8f+v WV f =NpSpyL gR(f F)+ N, SggLV C(f).
P
Throughout the present study, we shall always assume that
NpSppL < 1. (2.9)

In other words, the collision integral for dust particles or droplets N, S,, LB(F) is con-
sidered as formally negligible, and will be henceforth systematically discarded in the
equations.

Besides, the thermal speed V), of dust particles or droplets is in general smaller than
the thermal speed V; of gas molecules; thus we denote their ratio by

Vo
=—¢|0,1]. 2.10
pe (2:10)
Recalling that the mass ratio [0,1] 3n=m,/m, is supposed to be extremely small,
since the particles are usually much bigger than the molecules, we also assume

No
=—¢€10,1]. 2.11
=3 €0 (211)
This assumption on the ratio of the number of particles to the number of molecules
defines a scaling such that the mass density of the gas is of the same order of magnitude
as the mass density of droplets.
Finally, we shall assume that

NpSpgL=e, and NyS,,L=1]e. (2.12)
Under these assumptions,

Vy

1
L—=
NySpg

Ny Vy
2= AL NS )=

d

v
(NpSng)?Z = (NgSggL)vZ =1,

<
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so that we arrive at the scaled system

O:F +0-V.F = 1D(F. ),
1 o L (2.13)
Opf + i Vi f =R(F.F) + 5C(f)

Henceforth, we drop hats on all dimensionless quantities and variables introduced in
this section. Only dimensionless variables, distribution functions and collision integrals
will be considered from now on. We also use V,W as dummy variables in the gain part
of the collision operators D and R, in order to avoid confusion.

We define therefore the (e- and n-dependent) dimensionless collision integrals

chw=[[ | H) el
=) [ Fwlo gy (=, (214)

DENE) = [[ | POV (wava)

—F(v)/R3f(w)|ev—w\2p9(\ev—w|)dw, (2.15)

RUF)w)=[[ PO, wavaw)
—f(w)/RBF(v)\ev—w|2pg(|6v—w|)dv, (2.16)

with ¥44, X,, satisfying equations (2.7). Notice that the scattering kernels II,, and
II;, depend in fact on ¢ and n. Whenever necessary (for instance in describing the
asymptotic behavior of these kernels in the small € and 7 limit), we shall denote them
157 and II57 respectively.

The scaled Boltzmann system (2.13) is then recast as

atF-F’vaF:lD(F?f)a
. g . (2.17)

2.4. Explicit formulas for the collision integrals

In the previous section, we have introduced a general setting for the various colli-
sional processes involved in gas-particle mixtures. The explicit formulas for the main
examples of collision integrals considered in this work are given in the next three sec-
tions.

2.4.1. The Boltzmann collision integral for gas molecules
The dimensionless collision integral C(f) is given by the formula

ch)= [[ G = st v w)dudo, (219
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for each measurable f defined a.e. on R? and rapidly decaying at infinity, where

w' = w' (w,ws,w) =w — (w—w,) - ww,
P (2.19)
Wi, =W, (W, Wy, w) 1= Wi+ (W —w,) - Ww,

(see formulas (3.11) and (4.16) in chapter IT of [7]). The collision kernel c¢ is of the form
(10— w0 ,0) = |10 = 4|03 (10— 0, ] cos(w = 0,0 ), (2.20)

where o4, is the dimensionless differential cross-section of gas molecules. In other words,

1
Sy =47 [ oygl12] )
while
Hgg(w’.):// A, dw 0y (1,0, 1) @ O (10,0, 00) C(W — Wi, ). (2.21)
R3xS2 )

The left hand side is to be understood as a function of w with values in the set of positive
Borel measures on R? x R3, while the right hand side is a linear superposition of the
positive Borel measures 0, (uww, w) @ 0w’ (w,w, w) ON R? xR3 obtained by integrating
over w,,w while w is kept fixed.

If more to one’s taste, one can equivalently formulate this equality by applying both
sides to a test function x € C.(R? x R?):

/ / (W, WL, (w,dWdW, )

R3xR3

:// <5w’(w,w*7w) ®5w’*(w7w*,w)7x>c(w_w*7w) dw,dw
R3x8S?

:// X (W' (w,wa,w), Wl (W, ws,w) ) e(w — w,,w) dw,dw.
R3x 82

One recognizes in the last right hand side of the equalities above the usual expression
for the gain term in the Boltzmann collision integral for identical particles interacting
by elastic collisions.

We recall that the collision integral C satisfies the conservation of mass, momentum
and kinetic energy (2.2) — see formulas (1.16)-(1.18) in chapter II of [6].

We assume that the molecular interaction is defined in terms of a hard potential
satisfying Grad’s cutoff assumption. In other words, we assume that there exists ¢, >1
and v €10,1] such that

0<e(z,w) <e(l4]2])7, for a.e. (z,w)€R?®x S?,
1 . 2.22
/ c(z,w)dw> — 12 , for a.e. z€R3. (2.22)
g2 cx 14 2]

Next we discuss the properties of the linearization about a Maxwellian equilibrium
state of the collision integral C. By scaling and Galilean invariance, one can consider
the Maxwellian distribution

M(w):= /2 (2.23)

1
(2m)372 €
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without loss of generality. The linearized collision integral is defined as
Lé:=—M"1DC(M)-(M¢p), (2.24)

where D is the functional derivative. In other words,
cow)= [[ | (0) o) =) =l )elw—w..0) M(w. ) dw.
3% §2

The following result is a theorem of Hilbert in the case of hard sphere collisions,
extended by Grad to the case of hard cutoff potentials (see [7], especially Theorem I on
p.186 and Theorem II on p.187).

THEOREM 2.1. The linearized collision integral L is an unbounded operator on
L?(Mdv) with domain Dom L= L?((¢x M)*Mdwv), where

E(z)::/ e(z,w)dw.
g2
Moreover, L=L">0, with nullspace
Ker £ =Span{1,wy,ws,ws, |w|*}. (2.25)
Finally, L is a Fredholm operator, so that
ImL=Kerlt.

Defining by
A(w):zw@w—%|w\2f (2.26)

the traceless component of the tensor w®w, we see that ALKerZ in L?(Mdv). Since
L satisfies the Fredholm alternative, there exists a unique A € Dom /£ such that

LA=A,  AlKerL. (2.27)

Using the symmetry properties of the collision integral and the rotation invariance of
the Maxwellian distribution (2.23), one can show that the matrix field A is of the form

fl(w):a(|w|)A(w), (2.28)
where « is a measurable function such that

/ a|w])?w|*(Ex M (w))? M (w)dw < co.
RB

See [15] for a complete proof of this statement.
In the sequel, we shall assume for simplicity that the molecular interaction is such
that

It is a well known fact that, in the case of Maxwell molecules, that is, in the case where
the collision kernel is of the form

c(z,w) =C(|cos(v=1y,w)]),

then « is a positive constant. (See for instance the discussion between formulas (3.15)
and (3.17) in chapter V of [6].)
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2.4.2. The collision integrals D and R for elastic collisions. For each mea-

surable F' and f defined a.e. on R? and rapidly decaying at infinity, the dimensionless
collision integrals D(F, f) and R(f,F) are given by the formulas

DENE) = [ (PO ~F () fw)ber =) dudes,
RUF)= [[[ ()P0~ ) F@)blev—w.)duds

where

2 1
v =" (v,w,w) i=v — S/l (vw) ww,
1+n €

(2.29)
1 1" 2
w'=w" (v,w,w):=w——— (w—ev) - ww,
1+n
(see formula (5.10) in chapter II of [7]). The collision kernel b is of the form
blev —w,w) = |ev —w|opg(Jev —w),| cos(ev—w,w)]), (2.30)

where o0,,4 is the dimensionless differential cross-section of gas molecules. In other words,

mmm:MAqﬂwmw, (2.31)

while

Hpg(”,') :// s 2dwdwb(ev—w,w)&,u(v’w’w) ®§w”(v,w,w)a
RO (2.32)

ng(w,-)://R3 82dvdwb(ev—w,w)dvu(v’w,w)®6wu(v’w’w),
X

where the equalities (2.32) are to be understood in the same way as equation (2.21).

One should keep in mind that the velocity of each species is measured in units of
the thermal speed of that species. This accounts for the appearance of the thermal
speed ratio € in the formulas above. Moreover, the reduced mass of the dust particles
or droplets and gas molecules defined by formula (5.2) in chapter IT of [7] is

MpMyg _ Mg _ Mp7
my+mg 141 147

These formulas explain how the mass ratio 1 appears in the definition of v” and w”
above.

We recall that the operators D and R defined in this subsection satisfy separately the
conservation of the number of particles and molecules (2.4), and jointly the conservation
of momentum (involving both operators):

€ D(F,f)(v)vdzH—n/ R(f,F)(w)wdw=0. (2.33)
R3 R3

This last identity is a dimensionless version of (2.5).
These properties can be easily checked using the formulas

v +nu’ =ev+nw, e’ —w' =R, (ev—w), (2.34)
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where R,, is the reflection defined by R,w=w —2(w-w)w for each w € S?. Indeed these
formulas show that (v,w)+ (v”,w") is a linear involution for each w e S2.

As in the case of the molecular collision kernel ¢, we assume that b is a cutoff kernel
associated with a hard potential, i.e. we assume that there exists b, >1 and * €]0,1]
such that

0<b(z,w) <b,(1+]z))", for a.e. (z,w) €R? xS
1 2.35
. b(z7w)dw2&k1—|f||z|’ for a.e.z € R3. (2.35)
We also assume that (for a.e. we S?)
b(-,w) € CHR?*\{0}), and sup |0.b(z,w)| <C(1+]z]). (2.36)

weS?

2.4.3. An inelastic model of collision integrals D and R. Dust particles
or droplets are macroscopic objects when compared to gas molecules. This suggests
using the classical models of gas-surface interaction to describe the impingement of gas
molecules on dust particles or droplets. Perhaps the simplest such model of collisions
has been introduced by F. Charles in [8], with a detailed discussion in Section 1.3 of [9]
and in [10]. We briefly recall this model below.

First, the (dimensional) particle-molecule cross-section is

Spg=m(rg +Tp)2a

where 7,4 is the molecular radius and r, the radius of dust particles or droplets. Then,
the dimensionless particle-molecule cross-section is

Tpg(lev —w])=1.
The formulas for Sy, and X,, correspond to a binary collision between two balls of

radius 7, and r.
Next, the measure-valued functions II,, and Il,, are defined as follows:

I,y (v, dV AW ) := K,y (v, V, W) dVdAW,

(2.37)
I, (w,dV dW) := K g, (w, V, W) dVAW,

where,
1 149\ * a3 142(1 2
Kpg(v,V,W):zﬁ( n") pBe’exp | —503 (—n"> €v

X-/SQ(TL~(€V—W))+ <n (M/—ev>>+dn, (2.38)
_ VAW

1+n
2
1+n >

X/SQ(n-(eV—W))Jr (n (w—w>>+dn. (2.39)

w

Kop(w,V,W) 1= 515 (1+1n)*B*exp (;52(1 +1)?
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_ /My
ﬂi kBTsqu

where kp is the Boltzmann constant and T,y the surface temperature of the particles.
Thus, defining

In these formulas

PN(&n) = g\ exp(—3 A€ (€ 1)+, (2.40)

for each A>0 and n €S2, we see that the integral kernels K,y and K, are given in
terms of P by the expressions

K0, V, W) =Lé? / PR (LY o) (V ~ W) n) s,

Kgp(w,V,W) :%/P[ﬁ(l +1)] (w— evlizwm) ((eV—W)-n) dn.

3. Assumptions on II,, and II,,

In the sequel, we shall state a theorem which holds for all collision integrals satisfying
a few assumptions introduced below.

We recall that II,, and I1,, are nonnegative measure-valued functions of the variable
v€R? and w € R? resp., which depend in general on the small parameters ¢ and 7 (see
formulas (2.29), (2.32), and (2.37)-(2.39)). We do not make this dependence explicit,
unless if necessary (as in Assumptions (H4)-(H5) below). In this case, we write II;7
and 117 instead of 11, and Ilg,.

Assumption (H1). There exists a nonnegative measurable function
q=q(r)<C(1+r) for some C>0

such that the measure-valued functions IL,, and Il,, satisfy
/ II,4(v,dVdW)dv= / I, (w,dVdAW)dw=q¢(|eV —W|)dVdW.
R3 R3

Note that Assumption (H1) is coherent with the fact that, in the last two lines of
equations (2.7), the same cross-section X,, appears (and thus with the conservation of
mass).

Assumption (H2). There exists a function Q= Q(r) € C(RY) satisfying
Q>0, and Q(r)+|Q'(r)| <C(1+r) for some C >0,

such that the measure-valued functions II,, and II,, satisfy

e/ dv(U—V)Hpg(v,dVdW):—n/ dw (w—W)g, (w,dVdW)
R? R

3

___n
1+n

(eV —W)Q(|eV —W|)dVdW.

This assumption implies the conservation of momentum between molecules and parti-
cles.
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Assumption (H3). There exists a constant C'> 0 such that the measure-valued func-
tion 1I,, satisfies

/ dv |ev —
RS

where ¢ is the function appearing in Assumption (H1).

2
Iy (v,dVAW) <Cn? (14 |V =W |*)g(|eV — W |)dVdW,

1+n

Assumption (H4). The limiting measure Hgbo satisfies the following invariance? prop-
erty:

TR#HO 0 HO Y for each R€O3(R),
where
Ti: (w,V,W) s (Rw,V, RW). (3.1)
Besides, for each ®:=®(w,W) such that |®(w,W)|<C(1+|w|?+ |W|*)M (W),

/ (1+V*)
RS

for some p >3, as €,n— 0. Moreover,

/ / @ (w, W) (I (w,dVAW) =119, (w,dVdW)) dw| — 0
R3xR3

// dw (1+ |[w]?+ [W[*) M (W)IL);) (w,dVdW) € L' (1+V?)73dV).
R3xR3

Assumption (H5). For all he L?(M(w)dw),

Ji (LW ) (L V[2) 7 (14 0]2) M (W) (W)L (,AVAW ) duo
R3xR3xR3
< C|P|| L2 (M (w)dw)

where C' does not depend on 7 and € (for  and € close to 0).

Finally, for the sake of being complete, we repeat the assumptions made on the
molecular collision model — specifically

Assumption (H6). The collision kernel c=¢(z,w) is of the form (2.20) and satisfies

0<e(z,w) <e(l4]2])7, for a.e. (z,w)€R?®x S?,
1
/ c(z,w)dw> — 12 for a.e. z€R3,
s2 Cy 1—|—‘Z|

for some ¢, >1 and some 7€ [0,1].

Our assumption on the radial function a defined in equation (2.28) can be recast
as follows.
Assumption (H7). The radial function a=a(|w|) such that

// (afwl)wnws + al|w. Jwawie
R3xS2
— o[ [ ey — ([ Yyl ) e — w0) M (e )y oo = w10

2The notation T#m designates the push-forward of the measure m by the transformation 7.
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satisfies the condition a € L>®(R4.).

The main result in [15] implies that the condition above defines a unique radial
function (up to equality a.e.), and that the element o of L>°(R) so defined satisfies

L(aAg)=Ak forall k,1=1,2,3.

We next prove that the elastic and inelastic models previously introduced (in Sec-
tions 2.4.2 and 2.4.3 resp.) satisfy the Assumptions (H1)-(H5).

3.1. Verification of (H1)-(H5) for the elastic collision model.
PROPOSITION 3.1.  For each collision kernel b of the form (2.30) satisfying (2.85),
let the quantities ¥y, 11, and I, be defined by equations (2.29), (2.31) and (2.32).
Then, Assumptions (H1)-(H5) are satisfied, with

affev =) =4 [ v —wlopy (v —w] ) dn (3.2)
1
Qlev—ul) =87 | lev—wlopy(lev—wl. iy, (3.3)
and
C=1. (3.4)

Proof.  For each continuous and compactly supported test functions ¢ = ¢ (v, V,W)
and ¢ = (w,V,W), one has

/// d(v, VW)L, (v,dVAW)dv

R3xR3xR3

:/// ¢(Uavl/7w”)b(6v_U),W)deUIdU
R3xR3xS2

:/// d(v" v,w)b(ev —w,w) dwdwdo, (3.5)
R3xR3x8S2

where the last equality follows from the fact that the map (v,w)— (v”,w") is a linear
involution for each w € S2. By the same token

///Rsstst P (w, V, W)y (w,dVdW)dw
:/»//113><R3><52w(w”7vaw)b(ev7waw)deUJdU- (3.6)

Observing that
1
/b(evfw,w)dw:47r|ev—w|/ Opg(Jev—wl, ) dp,
S2 0

one arrives at Assumption (H1) with ¢ defined by equation (3.2).
Then we see that

e(v—1")w=-—nlw—w")w
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and that
/ (v —w") - w)b(ev —w,w)wdw
82
1
:47r|ev—w\(ev”—w”)/ opg(lev —w|, ) p? dp,
0

and conclude that Assumption (H2) holds with @ defined by equation (3.3).

Observing that
2
_ n lev” — w//|2
1+n

2
n 2 2 2
= ——— — < —
(1+77) lev —w|* <n”|ev —w|*,

ev” +nw”
€v—
147

shows that Assumption (H3) holds with C'=1.
Next, one has

0,0
///RSXRSXRqu(w,V,W)ng (w,dVdW)dw

:/// d(w—2w- ww,v,w)b(w,w)dvdwdw,
R xR3xS?2

which obviously implies the relation
0, 0 0,0
;) =Tr#1,, .
Besides, for each p>3 and each continuous ® = ®(w, W) such that
| (w,W)| <O+ |w]* + [W[*) M(W)

one has

/ (1+[V]?)
R3
/ (1+]o]?)

(w, W) (Hgg(w,dVdW)—Hg;?(dedW))dw‘
R3 ><R3

(w"”,w)b(ev—w,w)—®(w,w)b(w,w)) dvdwdw|,

R3><S2
where
w=w—2(w- w)w.
By continuity of b and ®, we see that
O (w” w)b(ev —w,w) — (w,w)b(w,w)
as €, — 0. Then, using the estimate

(", w)[b(ev —w,w) < C(L+ [w]?)>2(1+[v]*)>2 M (w),

we conclude that

/ (1+|V*)
Rs

€ 0,0
(w, W)L (w,dV dW )dw — 7' (w,dVdW )dw) | — 0

1719
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as €,7— 0 by dominated convergence. Finally we observe that
// (1+[wP+ W) 1+ V)P M W) (w,dVAW) dw
R3xR3xR3
Z/// (14w —=2(w-w)w]* +[w]*) (1 +]0]*) > M (w)b(~w,w) dwdwdv
R3xR3xS2
SC// (14 |w]?) (1 +v?) 73 M (w)|w|dwdv < oo,
R3xR3

so that Assumption (H4) is satisfied.
Finally, for each h € L?(M (w)dw) and each €,1 >0 small enough,

/// (LW AHV B (1 w]*) M (W) (W) I (w,dV AW ) dw

R3xR3xR3

:/// (14| w|?) (1+]v[2) P (1+|w” |2) M (w) | h(w) |b(ev — w,w) dwdwdv
R3xR3xS?

SC’//R3 Rs(1+\w|2)(1+|v|2)*17(1+|v|2+|w|2)(1+|v|+|w\)M(w)|h(w)|dwdv

SC’/RS(I—F|w\2)5/2M(w)|h(w)\dwgCHhHLz(M(w)dw)

by the Cauchy-Schwarz inequality. Hence Assumption (H5) is also verified. ]

3.2. Verification of (H1)-(H5) for the inelastic collision model.
PROPOSITION 3.2.  The scattering kernels I1,, and I1,, defined by (2.37)-(2.39) satisfy
Assumptions (H1)-(H5), with

Vor

q(lev—w|)=lev—w|, Q(lev—wl|)= 35 +lev—wl,
and
16

As in the previous section, we explicitly mention the e,n-dependence of the scatter-
ing kernels whenever needed, in which case we use the notation K7, K7 to designate
K,, and K4, respectively.

Proof. Setting successively a= Evlizw —ev and b=p (HT") a, we see that

/R3Kpg(v,V,W)dv
//Rs 27742 HT”) eXp( 28 (H")Qlalz) (a-n)4 ((eV—-W)-n), dadn
oz [ ) (W),

:%/SQ((eV—W)-n)+dn:|eV—W|.



E. BERNARD, L. DESVILLETTES, F. GOLSE, AND V. RICCI 1721

Likewise, setting b’ = 3(14n) (w — %), we see that

/ Kgp(w,V,W)dw
R3

1
:—// exp(—3[V'[?) (Y -n)4 ((V—=W)-n), db/dn=[eV —W|,
R3xS2

2m2

so that Assumption (H1) is verified.
With b= (H") (% —ev) as above

e/ (v=V)Kpg(v,V,W)dv
R3

N ((W—GV)—l/ be_|b2/2(b~n)+db>((eV—W)~n)+dn

ml+n /g2 2rf Jrs
__1n _ _ ver
- (/Sz(ev W) (V- W)-n)  dn+ / (V-T)n), d)

B (27T)1/2
= 1+ (eV — W)<|€V—W|+ 35 )

Likewise, setting &’ = 3(1+n) (wf E‘q':_ZW> as above, we see that

—77/ (w—=W)Kgp(w,V,IW)dw
R3

1 /(@g)ﬁmm(ev—m)<<eV—W)-n>+dn

ml4+n
o B B (2m)!/2
== (e W)(|6V Wit

so that Assumption (H2) is also satisfied.
Still with b=3 (H'") (evltzw —ev), one has
eV 4+nW

/RS 1+77

2
7 ! ! 2 17,2
“\150) 77 Je \2r [P —L1B2)(b-n).db ) dnleV —W
(1+77> 7T52/sz(27r/Rg| |“exp(—30[7)(b-n)+ nle |
16 7
ﬁQ( > eV —W1,
so that Assumption (H3) is satisfied.
Observe that

2

Kpy(v,V,W)dv

— €V

0,0 __ 10,0
1190 (w,dV,dW) = K0 (w, W) dVdW

with

KO, W) = gt exp(—200f?) [ (=W o) () dn

= K%°(Rw, RW')



1722 VLASOV-NAVIER-STOKES MODEL FOR AEROSOL FLOWS

for each Re O3(R). Hence Tr#I1)) =11, which is the first property in Assumption
(H4).
On the other hand

/] (L V)7 (14 fof? W 2)M (W) (0, V.Y ) dao
R3xR3xR3 ’

(L4 |w|?+ W WK% (w, W) dwdW < oo
[ v L G AT K )

since
0< K% (w, W) < 2 8% w||W|exp(—58%|w[?).

Hence the third property in Assumption (H4) is verified.
Let ®=®(w,W) be such that |®(w,W)| < C(1+|w|>+|W|*)M (W). Then,

ﬂ- €
ﬁlé(w,W)\Kg;)"(wV’W)SC(|V|+IW|+|wI)(|V|+IW\)
2
1 WA MW S Y S LA )
X (14 [w[=+ [W[F) M ( )eXp< 507 |w Trn
Since
€ T] 2
WP+ 82 lw— —V ———
P8 -1V 1,

>min(1,62/2) <W|2+ \w— lj—nw

2
—|V|2>
>min(1,5%/2) (W] +|w|* = 2|V ]?),
we see that
ﬁ@(w»wﬂf(;b”(w,‘/»w) <C(VI+Wl+|w)h(V]+W])
X (14 |w]? + [W[*)exp(ulV[*) exp(— g p(|w]* + W),
with
= min(1,62/2).
Therefore

// @ (w, W)K g (w,V,W)dwdW
R3xR3

—>// (w,W)K ) (w,V,W) dwdW
R3xR3

for each V € R? by dominated convergence. Setting 3 =w — %, one has
2 €,
1+|V| (w, W)K g (w, V, W) dwdW
6 R3x R3
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- eV+nW
P /A3XR3®<y+$Z7,W> (1+7}) exp( ﬁ (1+77) |y )

x/ (eV=W)-n), (~y-n)+ dndydW‘

=(1+/V[)

C(1+[V) // (L [y P |W 2 V2 M (W)
xexp(—L32lyP SSTET—-

which is integrable in V € R? for p> 3. Therefore,

/ (1+|V]?)
R3

as €,1—0 for all p>3 by dominated convergence. This completes the verification of
Assumption (H4).
Using again the substitution y=w —

(w, W) (A1) (w,dV AW ) dw — 119, (w,dVAW ) dw) | — 0

eV4+nW

Ty one has

/// (1+ WM W) [R(W)|(1+ |V [*) P (1+[w|*) I (w,dVdW) dw
R3xR3xR3

- // / (L (W) MOV (W) (1 [V )P (14 fwf?)
R3xR3xR3

1 2
o S5 (L+n) exp <—52(1+ ) w BT )

/ (V—W)en)s ((W w)n) dndVdVdw
+

1+n
<[] AHWRAHIVEY PV ) MOV
R3xR3xR3
X |V 4+W|ly|exp (=3 8%[y[*) VAW dy < C|| L2 (a1 (w) dw)

which is precisely Assumption (H5). d

4. Passage to the limit

In this section, we use the material presented in Sections 2-3 to state and prove the
main result in this paper, i.e. the derivation of the Vlasov—Navier—Stokes model for thin
sprays from the system of Boltzmann equations for a binary mixture of gas molecules
and dust particles or droplets.

4.1. Statement of the main result. We henceforth consider a sequence of
solutions f,, = f,(t,z,w), and F,, =F, (t,z,v) to the system of kinetic-fluid equations
(2.17), with sequences ¢,,,n, — 0 in the place of the parameters €,7 > 0:

O by +v-V, F :i’D(Fnafn)a
. I (4.1)

where C, D and R are defined by equations (2.18)—(2.20)7 (2.15) and (2.16).

THEOREM 4.1. Assume that the scattering kernels IL7: " and I1gn in equations
(2.15)-(2.16) satisfy Assumptions (H1)-(H5), while the molecular collision kernel c in
equations (2.18)-(2.20) satisfies Assumptions (H6)-(H7).
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Assume that the scaling parameters e, and n, satisfy the Viasov—Navier—Stokes
scaling assumption:

en—0, and n,/e2—0. (4.2)
Let g, =gn(t,z,w) >0 and F, =F,(t,z,v) >0 be sequences of smooth (at least C*)
functions, and let
fo(t,z,w) := M(w)(1+€ngn(t,z,w)), (4.3)
where M is the Mazwellian distribution (2.23). Assume that
F,—F in LS, weak-*,  and that g,—g in L}, (R x R* x R?) weak

for some Fe LS. (Ry xR*xR?) and ge L7 (R} xR? xR3).
Assume that
(a) the pair (F,,, fn) is a solution to system (4.1), with C,D,R defined by equations

(2.18)-(2.20), (2.15) and (2.16)
(b) there exists p>3 such that

sup sup (1+|v]*)PF,(t,z,v) <Cr < oo
n>1(t,z,v)€[0,R] X [—R,R]3xR3

for each R>0,

(c) the sequence

/ ‘ gn(t,m,w)2M(w) dw
R3

is bounded in L}, (R xR?),

(d) the sequence of velocity averages of gy
[ gttt ydo = [ gow)i(w)du (1)

strongly in L7 (R% xR?) for each ¢ € C.(R?).

loc

Then there exist L functions p=p(t,x) €ER and 0=0(t,x) €R, and a L vector
field u=u(t,x) eR? s.t.

g(t,z,w)=p(t,x)+u(t,x) ~w+9(t,x)%(\w|2 -3)

for a.e. (t,z,w)ER; xR>xR3, (4.5)
and the pair (F,u) satisfies the Viasov—Navier—Stokes system
O F +v- -V, F=rdiv,((v—u)F),
div,u=0, (4.6)

Ou+divy (u@u) =vAzu—Vp+ H/(U —u)Fdv,
in the sense of distributions, with

V::%/A:EAM(w)dw>O, n::%/Q(|w|)|w|2M(w)dw>O, (4.7)
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where Q is defined in Assumption (H2), while A,L are defined by equations (2.27),
(2.24).

Some comments on the assumptions before giving the proof of Theorem 4.1.

Remark on the Vlasov—Navier—Stokes scaling assumption. Since the propellant
is in Maxwellian equilibrium at leading order, its thermal speed is given by the formula
Vy:=+/3kpT,;/my (where kp is the Boltzmann constant) and T, is the temperature in
the propellant (here T; =1 to leading order). The thermal speed of the dispersed phase
is defined as the square-root of the variance of the velocity under the distribution F|,

. viom ([ v [foraaf ) / ff pasa

and one can define a notion of temperature in the dispersed phase by the formula
T, :=m,V;?/3kp. Then

€= (Vp/Vg)2 =nT,/T,.

Thus the Vlasov-Navier-Stokes scaling condition n < e? implies that 7, < 7T},. Since the
Vlasov—Navier—Stokes system describes a situation where the dispersed phase is not in
equilibrium with the propellant, one should not expect 7, and T to be of the same
order of magnitude. In addition, the effect of collisions between the heavy particles
is negligible, so that there is no thermalization effect in the dispersed phase. This is
obviously consistent with the fact that the dynamics of the dispersed phase is described
by a Vlasov equation. For that reason, the temperature 7}, defined above contains little
physical information.

Remark on the assumptions on the class of solutions considered. We have not
tried to optimize the assumptions bearing on the solutions to the coupled Boltzmann
system.

Assuming a uniform control of g2 M is fairly natural, since this quantity appears
naturally in the entropy estimate implied by Boltzmann’s H Theorem — specifically,
the quantity

//gQ(t,x,v)M(v)dxdv

is the Hessian of the relative entropy

/ / (f (. 0) n(f (2, 0) /M (0)) — £ (2,0) + M(v)) dedo

at f=M computed on an increment of f of the form Mg. See section 3 in [4], and
Proposition 2.3 in [22] for a detailed discussion of this point.

As for F,,, we have chosen a L setting since, in the limit, F' will satisfy a Vlasov
equation which propagates L™ estimates over finite time intervals.

Finally, only the averages with respect to w of g,, are required to converge strongly
in L7 and a.e., as in [3]. No such assumption is required on the averages of F, since
no quadratic term in F' appears in the limit.

Although these estimates may seem relatively realistic, one should bear in mind
that, even in the case of the Boltzmann equation for a single species of particles, the
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only global existence theory without restriction on the size of the initial data involves
the notion of renormalized solutions due to R. DiPerna and P.-L. Lions [18]. Most
likely, the DiPerna-Lions theory should be adapted to the case of systems of Boltzmann
equations of the form (4.1). For such solutions, one expects a control of g, that is
slightly weaker than Assumption (c¢) in Theorem 4.1. Likewise, the L> bound on F,
(implied by the assumption that F,,—F in L° weak-* in Theorem 4.1) is a rather
optimistic assumption, if compared with the much weaker estimate provided by the
DiPerna-Lions theory of renormalized solutions.

In short, the assumptions in Theorem 4.1 are probably more restrictive than those
which could be deduced from a variant of the DiPerna-Lions theory adapted to the
system (4.1). For this reason the mathematical value of a formal limit theorem such as
Theorem 4.1 can be questioned.

However, it can be argued that the moment approach in the formal limit theorem
[3] is the basis of the rigorous proofs of the hydrodynamic limit of the Boltzmann
equation leading to the incompressible Navier—Stokes equation in [21,22]. Perhaps the
hydrodynamic limit for the propellant is the most difficult part in Theorem 4.1, and a
rigorous derivation of the formal limit discussed here can be obtained along the lines
of [21,22]. That the discussion specific to the interaction of the propellant with the
dispersed phase, i.e. steps 2, 3 and 7 in the proof of Theorem 4.1, can be isolated from
the Navier—Stokes limit for the propellant suggests that this derivation could be made
rigorous in the not too distant future.

4.2. Proof of Theorem 4.1. The proof of Theorem 4.1 is based on the
formal derivation of the incompressible fluid dynamic limit of the Boltzmann equation
formulated in [3]. However, the interaction with the dust particles/droplets involves
very serious complications.

This proof is split in several steps, referred to as Propositions 4.1 to 4.7, and a final

part in which all the convergences of the different terms appearing in equation (4.1) are
established.

4.2.1. Step 1: Asymptotic form of the molecular distribution function.

ProprosSITION 4.1.  Under the assumptions of Theorem 4.1, there exist L™ functions
p=p(t,z)ER and 0=0(t,z) R, and a L wvector field u=u(t,x) eR? s.t. equation
(4.5) holds.

Proof.  Since C is a quadratic operator, its Taylor expansion terminates at order
2, i.e.

C(M(1+€n9n))=C(M)+e,DC(M)-(Mgy,)+€.C(Mgs)
= 671]\4£gn +672;MQ(971);
where L¢ is defined by equation (2.24) and
Q(¢):=M~'C(M9). (4.8)

Then the kinetic equation for the propellant (second line of equation (4.1)) can be recast
in terms of the fluctuation of the distribution function g,:

1 1 1 1
3tgn+:w'vzgn+€7ﬁgn::M_lR(M(1+69n)>Fn)+?Q(gn)' (4'9)
n n

n n
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Multiplying each side of this equation by €2 leads to the equality
Lgn=en(MR(M(14€g,),Fp) +Q(gn)) — €2019n — €nw - Vaugn. (4.10)

The two last terms of this identity clearly converge to 0 in the sense of distributions

since g,—¢ weakly in L? .

Next, for each test function ¢ € C.(R?),

w)d(w)dw = “Hw)p(w') — M (w)d(w
[ etgwtdw=[[] o) -a wew)
X M (W) g (Wi ) M (w) g (w) e(w — wy,w) dwdw,dw,

where w’,w!, are defined by equation (2.19). By the Cauchy-Schwarz inequality,

Qs )oluw) ]

‘R3

<c // M () g (1) M () g () (1 + [t0] + a0 ]) duoy o
R3xR3
<C [ M(w)gn(w)?dw / M(w)(1+ o)) du,
R3 R3
so that
9Q(gn)¢(w)dw is bounded in L, (R x R?)
R3

for each ¢ € C.(R?), and €,Q(g,) — 0 in the sense of distributions.
Likewise, for each ¢ € C.(R?), we deduce from Assumption (H1) that

[ RU(f BN o) du
-/ / / (M (w)$(w) — M= (W)S(W)) fu (W) Fo (V)L (w0, AVAW) s,
R3xR3xRS3
so that
[ R FM )i

<[] FWR eV -Whavaw
<0 [ MW)1+eng) (W) A+ W)W,

R3

which is bounded in L}, .(R% x R?), according to (H1) and Assumption (b) in Theorem

4.1. Therefore €, R(fn,F,)M~*(w)— 0 in the sense of distributions.
Finally, for each test function ¢ € C.(R?), one has®:

(Lgnl®) L2 (vrdv) = (9n|LO) L2 () = (91LD) L2 (a1 dw) = (L£9|P) L2 (M1 dv)

3We use the notation

(@Y L2 (ar,qv) = /stw(v)M(v)dv, for each ¢,¢ € L2(M dv).
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since Lo L*(Mdv) and g,—g in L7 (R x R? x R?) weak. Hence
Lg, — Lg=0 in the sense of distributions.

According to equation (2.25), g is of the form (4.5). d

4.2.2. Step 2: Asymptotic deflection term. The following proposition is the
key observation in this work. Because the mass ratio of the gas molecules to the particles
in the dispersed phase is assumed to be small, the heavier particles are only slightly
deflected upon colliding with the lighter gas molecules. It explains how the collision
integral D(F, f) in the kinetic equation for the distribution function of the dispersed
phase converges to the acceleration term which appears in the Vlasov equation. This
result is reminiscent of Theorem 4.3 in [12].

PRrROPOSITION 4.2.  Under the assumptions of Theorem 4.1,
1
n—D(Fn,fn) —rdiv((v—u)F) in D'(R} xR*xR?),

with k defined in equation (4.7). More precisely, for each ¢p=¢(v) € C*(R3) such that
V¢ and V2 € L= (R?), one has
1
L D(men)cé(v)dv—m/ F(o)Vo(v)- (v—u)d
T JR3 R3
in D'(R%. x RY).

Proof.  Using Assumption (H1) or equation (2.7) and the Taylor expansion at
order 2 for the C? function ¢, one has

1 D(anfn)(v)d)(v) dv
nJR3
1
_Un//RsXRsFn(v)f"(W)/Rg(d)(U)—¢’(V))Hpg(v,dVdW)dv
_1 //R s PR W)V(V): / (v— V)L (v, dVAW) du
(v, ®2 v v
nn//RixR} fn /H V ) Hpg( dVdW)d
— L+ o,

where
H(U,V)::/1(1—t)V2¢((1—t)V+tv)dt.
0

We first treat the term I,,. According to Assumption (H2)

K,(V)
T+,

L= /R FV)VO(Y): av,

where

Ko (V)= — [ Fa W) = W)Q(eny ~Waw
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Hence
L=I'+I2+134+1}+ 17,
with

Ii:fen/ R ()oY
RS 1+n, Jgrs

2 V(]S(V). v B
! _/RSF”(V)H% | M) (W)W (@enV = W]) = QUW )1

MW)gn(W)VQ(lenV —W|)dWdV,

[ Mg W away:

14:7/' F) W) O (e — W away,

=2 [T s W @Uey —w)-Q(wl)awa:
Notice that
M(W)gn<w>vc2<|envvv|>dw\

/.

<c [R (Lt o[V W) M)l (W) |V | T

SC\V\(IHVI)\// Mg2dWw
R3

by the Cauchy-Schwarz inequality, so that

I} -0 in L} (R xR?).
Then,
MO0 Qe W)~ QW)
<Ceo [ MOW) g, (W)WIVI(-+e]V I+ W)W
Scfn(1+|V|2)\/ | g,
so that

2 T2
I, —0 in Lj,,

(R} xR?).
By Assumption (d) in Theorem 4.1
[ Mg W QW AW = [ g wQqwaw

- %uASM(W)|W|2Q(|W\)dW:mu
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in L} (R} xR?), and therefore
3 —mu-/RsF(V)VqS(V)dV in D'(R} xR?).
Then
[ mnvi@ey-wh-Qwpaw
gCen/3M(W)\V\2(1+en\V\+\W|)dW
§06n|‘22(1+IVI),
so that

Vo(V) Wi
/R TR /R MWV (QlenV ~ W)~ QW) AWAV -0

locally uniformly on R} x R3, and

o[ Fovew V/M QW) AWV in D'(RF x RY).
RS

Finally
1
< / MWWV / 1@ ([6aV — W)~ Q' (W) dodiv
R3 0
<C|V|(1+|V])
and

1
/ MWWV / Q' (0e,V —W[)— Q'(|W1)|dodW —0
R3 0

for all V € R? by dominated convergence. With Assumption (b) in Theorem 4.1, we see
that

5 Vo(V) W
In+/R3Fn(V) T ./RSM(W)|W|W VQ(IW])dWdV -0

locally uniformly on R} x R?, and therefore

o= [ FO)Vev)- [ MOV oW vQ W)WV in D'(RE < R?).
. re' W]

By isotropy, one has

W
MW |/ W)dWw = 1V M(WH|W W
[ M)W v (W) [ i whaw
so that

41— — Rg / MW QW)+ W Q" (IW]))dWadV



E. BERNARD, L. DESVILLETTES, F. GOLSE, AND V. RICCI 1731

in D'(R} xR?). On the other hand, we observe that
W-VM(W)=—|W|>*M(W)

so that
[ aovywEQwhaw =- [ wIaw)Q(wldw
R3 R3
= [ M) aiv(vQ(w)aw
/M )(3Q -+ [W]Q) (W) dW:
Hence

P10 —— F(V)VqS(V)-V/ HWPEM(W)Q(W|)dWdV
R3 R3

:—/s/wF(V)V¢(V)-VdV

in D'(R; x R?). Therefore
I, — —fg/Rs F(V)VH(V)-(V—u)dV in D'(R} xR?),
with
/ MOW)Q(W)[W[2dW > 0.
Next we treat the term J,,. One has
|Jn|si||v2¢\|m //R3XR3F"(V)fn(W)/RS|U—V|2npg(v,dVdW)dv.

With U = W, one has

Elo—V|? §2|env—U|2+2\U—enV|2

=2le,v—U*+ L enV — W2

(1+ n)
According to Assumption (H3),
/Ra|vVzﬂpg(v,dVdW)dv<2C77n(1+enV WHq(le,V —W)),
so that
< gl Vellu= ([ BRIV =W E)alle,V - W) avaw:

By (H1) and Assumption (b) in Theorem 4.1,

// Fo(V) fa(W) (14 |eaV — W])2q (e V — W) VAW
R3xR3

(1+e,|V|+|W))3
gCCR//RBXRS L) MW)(1+€pg,)(W)dVAW
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for (t,x) €[0,R] x [~ R, R]?. By Assumption (c) in Theorem 4.1 and the Cauchy-Schwarz
inequality, the right hand side is bounded in L? (R} x R?). Hence

loc
J,—0 in L7 (Rf xR?)

loc

since 1, /€2 — 0, which concludes the proof of Proposition 4.2. d

4.2.3. Step 3: Asymptotic friction term.
ProprosITION 4.3.  Under the assumptions of Theorem 4.1,

1
— wR(fn,Fn)dw—Hc/ (v—u)Fdv in D'(R% xR?),
€n JR3 R3

with k defined by formula (4.7).
Proof. By Assumptions (H1)-(H2),

ei - WR(fn, Fr)dw
1
s /‘//RBXRaxRa (w—=W) (W) F (V) gy (w,dVAW) dw
1
= 777///RB><R3><R3 (U—V)Fn(V)fn(W)Hpq(U,dVdW)dv
1

=—— [ vD(F,,f,)dv.
n JRrs

Proposition 4.2 then implies that
1
- d(0)D(Fy, fr)dv— n/ F(V)Vo(V)-(V—u)dV (4.11)
In JR? R3
in D'(R%. x R?) for each test function ¢=¢(v) satisfying
#pcC?*(R?) and V¢, VZpc L™=(R?).

Setting ¢(v) =v in equation (4.11) leads to the conclusion. 0

4.2.4. Step 4: Incompressibility condition.
PROPOSITION 4.4.  Under the assumptions of Theorem 4.1, the velocity field u satisfies
the incompressibility condition

divyu=0 (4.12)

in the sense of distributions on R x R3.

Proof. For each ¢:=¢(w) € L' (M dv), we set

@)= (w)M(w)dw. (4.13)

R3

Multiplying both sides of equation (4.9) by ¢, M (w) and integrating in w shows that

€00t (gn) +div,(wg,) =0,
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according to equation (2.2). Since g,—¢ in L*(R% x R* x R%) weak and satisfies As-
sumption (c) in Theorem 4.1,

(gn)—{g) and (wg,)— (wg) in L?OC(R: X R3) weak.

Hence
divy (wgn) = —€,0;{gn) — 0 in D' (R} x R?),
so that
div,(wg) =0.
According to Proposition 4.1, one has (wg) =wu, so that condition (4.12) holds. o0

4.2.5. Step 5: Viscosity term.
ProprosITION 4.5.  Under the assumptions of Theorem 4.1,

<A(w)w : vwg> = V(ku+ (VIU)T),
where A is defined in equation (2.27), and v is defined in equation (4.7).
Proof. By Proposition 4.1, one has
(A(w)w-V,g) = (A(w) @ A(w)) : Vou

since the tensor field w— A(w)w is odd. By Lemma 4.4 in [4] (see formula (4.13a)), one
has

(Aij Ap) =v(0i050+ 0305 — £0i50k1),
with
1/::1—10</~1:£[1> >0

(see formula (4.10) in [4]). Formulas (4.10)-(4.13a) in [4] are based on elementary
symmetry arguments — most notably the fact that A(Rw)= RA(w)RT for each Re€
O3(R). Complete proofs of these formulas can be found in Lemma 4.3 of [20]. Hence

(A(w)w-V,g) =v(Vpu+ (Veu) T — 2(divyu)I).

Since the velocity field u is divergence-free by Proposition 4.4, this concludes the proof.
O

4.2.6. Step 6: Convection term.
PROPOSITION 4.6.  Under the assumptions of Theorem 4.1,

(A(w)Q(g)) = A(u)

where A is defined in equation (2.27), while Q is defined in equation (4.8).

Proof. By Proposition 4.1, g(t,z,-) € Ker L for a.e. (t,z) € R% xR?. According to
formula (60) in [3], one has

Qg(t,z,"))=1L(g(t,z,")?), forae. (t,z)eRL xR
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Since £ is self-adjoint on L?(M dw) by Theorem 2.1 and ¢g? € Dom L, one has
(A()Qg)) = (A(w) LL(g?) = H(LA)?) = 1 (Ag?).

Eliminating the odd component of g since w A(w) is even, one finds that

(Ag®) = (ARwew): (u@u)+<,4(p+9;(w|2—3))2>.

First
<A(p+9§(w|2 -3))? > = §<trace(A) (p+0% (Jw? —3))2>1=o

because A(Rw)=RA(w)AT and trace(A)=0 — see Lemma 4.2 in [20] for a detailed

proof.
Then

(AW RW)ijr = (Aij Art) = 6irdj1 -+ 6udjk — 38i5 01,
by Lemma 4.2 in [20], so that
(A®w®w>:(u®u):2u®u—§\u|2f‘

This concludes the proof. 0

4.2.7. Step 7: Asymptotic friction flux.
PRrROPOSITION 4.7.  Under the assumptions of Theorem 4.1,

/ AR, F) (w)dw >0 in D'(R%, xRY).

Proof.  First, we deduce from (H1) that
| ARQLF)w)du
_ / / /R o EaV)MOW)(Aw) = AW (. 4V AW ) o,
Then
‘ /R 3 (AR(M,F”)— / /R BXRSF(V)M(W)(fl(w)—fl(W))Hg’po(w,dVdW)) dw‘
< J R IMOV)CA) - AP T TG w0V
+ ‘ / / /R sy F (V)= FOV)M (W) (Aw) —A<W>>H2;?<w,dmw>dw\.

The first term on the right hand side vanishes in the sense of distributions on R% x R?
because of the second part of Assumption (H4) and the fact that the radial function «
in equation (2.28) belongs to L>®(R4). The second term on the right hand side also
vanishes in the sense of distributions on R x R? because of the last part of Assumption

(H4).
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According to the first part of Assumption (H4),
/ / / F(V)M(W)(A(w) — AW )Y (w,dVAW) dw
R3xR3xR3
_ / / / FV)M(W)(A(w) — AW)) Trdt1%0 (w, dV AW ) duw
R3xR3xR3 ’
:/// F(V)M(W)(A(Rw) — A(RW))IT0:Y (w,dVdAW) dw
R3xR3 xR3
for each R€ O3(R), where Tg is defined in equation (3.1). Because of equation (2.28),
A(Rw)=RA(w)RT, for each Re O3(R).
Thus, for each R€ O3(R),

= A(Rw) — A 0.0 (1 e .
A'_///RgmgmgF(V)M(W)(A(R ) — ARW))TI%O (w,dVdW) dw = RAR

a.e. on RY x R3. At this point, we use the following classical lemma.
LEMMA 4.1.  Let M=M" e Ms(R) satisfy

RM=MR for each R€ O3(R).
Then M is of the form

M=, with /\:%trace/\/l.
(The proof of this lemma is an easy exercise in linear algebra; alternately, it is a
special case of Lemma 4.1 in [20] for m =2 and in the case of a constant tensor field,

ie. T()=T(0).)
As a consequence,

A(t,z) = 3 trace(A(t,z)) I =0,
since
trace A= / / / F(V)M(W)trace(A(w) — A(W))II0 (dwdV dW) =0.

R3xR3xR3

Hence
/ A(w)R(M,F,)(w)dw—0 in D(R} xR?). (4.14)

R3
Next, we deduce from (H1) that
‘ R(Mgn,Fn)A(w)dw‘
R3

=\ JIL o (A) = V)MV ), (W), (V) (o AV )

<Ci [ (P WM W1+ V) g w00V AW )
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<CCk9llL2(araw) (4.15)

for all (t,z)€[0,K] x [-K,K]3, by (H5) and Assumptions (c) in Theorem 4.1.

The conclusion follows from (4.14)-(4.15), from Assumption (c¢) in Theorem 4.1
showing the last right hand side of inequality (4.15) is bounded in L} (R% x R?), and
from the identity

/' A(w)R(fn,Fn)(w)dw:/ A(w)R(M, F,)(w)dw
R&

R3

+en | A(w)YR(Mgn, F,)(w)dw.
R3 0

4.2.8. Step 8: End of the proof of Theorem 4.1. First, we recall that £ is
self-adjoint in L?(M dw) according to Theorem 2.1. Hence

S Aw9) = (LD w0 = Alw) Lo ).

6TL n n

Following the same procedure as in [3], we use the Boltzmann equation for g, in the
form (4.10) to express the term - Lg,:

= (A(w)gn) =(A(w)Q(gn)) — (A(w)(end +w- Vi) gn)

+(A(wW)M ™ R(fn, F))- (4.16)

We first pass to the limit in the term (A(w)(e,0: +w-Vy4)gy,) in the sense of distri-
butions on R% x R?. Since the function « in equation (2.28) is bounded, one has

/R3(1+ ]2 A ()| M (w) duw < 00,
By Assumption (¢) in Theorem 4.1 and the Cauchy-Schwarz inequality,
(Agn)— (Ag) and (wAg,) — (wAg) in L7, (R xR?) weak.
Hence
(A(w) (e 0y +w- V) gn) = €n0y (Agp) +dive (wAg, ) — div, (wAg)
in D'(R%. x R?). By Proposition 4.5,
(A(w) (€0 +w- Vi) gn) = v(Viu+ (Veu)T) in D'(RE x R?). (4.17)

Next we use the identity

(A = [[ | Plww )M )g. (w.) M (w)gs () dudo,

where

P(w7w*)::/SZ(A(w’)—A(w))c(w—w*,w)dw.
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Obviously
(A0 = [ halt.w) M(wga(w)dw
with
(ta)= [ Plww) Mw)gn (t.0.) dw..
One has

|P(w,w.)] <C(L+|w]* +w.]*)

because of the growth Assumption (2.22) on the collision kernel, and the assumption
that the function « in equation (2.28) is bounded on R’ . Assumption (c) in Theorem
4.1 implies that

sup/// M (w,)gn(t, z,w,)* dw,dzdt < oo
n>1J.JJ[0,R]x[~ R, R} xR3

so that, by the Cauchy-Schwarz inequality,
/| Pl M ()0 i L (R X R R
w|>

uniformly in n>1 as R— oco. Therefore, we deduce from Assumption (d) in Theorem
4.1 that

hn(t,x,w)— | Pw,w.)M(w.)g(t,z,w,) dw, =: h(t,z,w)
R3

in L7 (R4 xR?*xR3). In particular, by weak-strong continuity of the pointwise prod-

uct, one has

/ ho (t,z,w) M (w) gy, (t,z,w)dw — h(t,z,w)M(w)g(t,z,w)dw
lw]<K lw|<K

in D'(Ry xR?) for all K >0. On the other hand
M(w)hn(twyw)QSC(1+|U}\3)2M(U))/ M (w.)gn (t,2,w,)? dw,,
R3

so that, by the Cauchy-Schwarz inequality,

/ h“(tawi)M(w)gn(taxaw)dw
|lw|>K

R3

1/2
<VG / (Lt [w]*)2 M () duw M(E)gn(t,2,6)°dE 0
|w|>K

in L} (R} xR3) as K — +oo uniformly in n>1, according to Assumption (c) in The-

orem 4.1. Hence

(zle(gn)ﬂt,x) :/R3 ho (t,2,w) M (w) gy, (¢, 2,w)dw
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— - h(t,x,w)M(w)g(t,z,w)dw= </~1Q(g)>(t,x) =A(u)(t,xz) (4.18)

in D'(Ry+ x R?), where the last equality follows from Proposition 4.6.
Since the last term on the right hand side of equation (4.16) vanishes by Proposition
4.7, we conclude that

;(A(w)g@ — A(u)—v ((Vou)+ (Vo)) in D'(Ry xR?).
In particular,

1
div, — (A(w)gn) = div, (u@u) — %Vm|u|2 —vAu—vV,divyu
€

=div,(u®u) —vAu— $V|ul?

in D'(R% xR?), by the divergence-free condition in Proposition 4.4. Hence, for each
divergence-free, compactly supported, smooth vector field £ =£(x) € R3,

/ 1w @wg,)(tx): Ve(z)do = / L Aw)gn) (t,2): Ve(2) da
R R

3 €p 3 €p

= | (u®@u—vVu)(t,z): VE(z)de
R3

in D/(RY).

We recall that the momentum balance law for the Boltzmann equation for gas
molecules is

Oy {wgy,) + ei div, (w®%g,) = ei<wM*1R(fn,Fn)>. (4.19)

n n

By Proposition 4.1,
(wgn) = (wg)=u in L*(R% xR?) weak,
while

LM RS, F) %H/(U—U)de in DR, x RY).

€n

Thus, for each divergence-free, compactly supported, smooth vector field {=¢(z) €
R3, passing to the limit in the weak formulation (in z) of the momentum balance law
(4.19), i.e.

o [ @) (wgn)(t,x)de— — / (A(w)ga)(t.2): VE() de
R3 R3

€n
1

= f(x)'<"UM_1R(fan)>(tax)d-73a

€n JR3

results in the equality
8t/ u(t,x)~§(x)dz=/ (u@u—vVu)(t,x): VE(r)dx
R3 R3
Jrff//R?’XR3 &(x)- (v—u(t,z))F(t,z,v)dvdz.
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By de Rham’s characterization of currents homologous to 0 (see Thm. 17" in [13]), there
exists pe D'(R* xR?) such that

6tu+divx(u®u—uvmu)—ﬁ/ (v—u)Fdv=—-V,p.
R3

Finally, we recall the equation for the distribution function of the dispersed phase:

1
OF,+v-Vo F,=—D(F,, fn).

n

The assumptions on the convergence of F;, in Theorem 4.1 imply that
O Fy+v-V,F, =0, F+v-V,F in D' (R} xR*xR?).
Applying Proposition 4.2 shows that
WF +v-V, F=rdiv,((v—u)F),

and this concludes the proof of Theorem 4.1.

5. Conclusions and perspectives

We conclude this paper with a few remarks on the method presented here, and on
the assumptions used in Theorem 4.1.

Let us first discuss the class of collision interactions considered in this work.

We have assumed that intermolecular collisions correspond to cut-off hard poten-
tials, which is natural. However, our assumption that the radial function « in equation
(2.28) is bounded could be a significant restriction to the class of intermolecular poten-
tials considered. At present, this assumption is known to be satisfied only in the case
of cut-off Maxwell molecules, when « is a constant. It would be natural to expect that
the growth of « at infinity is such that

aflw|)~(ExMw))™"  as |w|— oo,

however, we are not aware of any result of this type in the existing literature, and we have
not been able to prove it, even in the simplest case of hard sphere collisions. Perhaps the
assumption that « is bounded can be relaxed at the expense of more technical proofs.

Likewise, we have considered in this paper only the case of a monatomic propel-
lant; however, this assumption could certainly be relaxed and more realistic models of
propellant could be handled with the same methods.

Concerning collisions between gas molecules and dust particles/droplets, the hard
spheres model for the collision cross-section may be the best choice when the detail
of the interaction is not known, because the dust particles/droplets, though tiny, are
macroscopic objects if compared to gas molecules. Hard spheres clearly belong to the
class of cross-sections included in the assumptions of our theorem.

Otherwise, it would be more realistic to include polydispersion in our model of
aerosol /spray — i.e. to assume that the dust particles/droplets are distributed in size,
and to include aggregation and fragmentation effects in the equation for the distribution
function of the dispersed phase. Such a generalization of the model considered in this
work would be extremely natural, although significantly more technical, and we have
avoided these effects in the present paper for the sake of simplicity.
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