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Linear stability of thick sprays equations
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Abstract

The coupling through both drag force and volume fraction (of gas) of
a kinetic equation of Vlasov type and a system of Euler or Navier-Stokes
type (in which the volume fraction explicity appears) leads to the so-
called thick sprays equations. Those equations are used to describe sprays
(droplets or dust specks in a surrounding gas) in which the volume fraction
of the disperse phase is non negligible. As for other multiphase flows
systems, the issues related to the linear stability around homogeneous
solutions is important for the applications. We show in this paper that
this stability indeed holds for thick sprays equations, under physically
reasonable assumptions. The analysis which is performed makes use of
Lyapunov functionals for the linearized equations.

1 Introduction

We present new stability properties of solutions to a family of multiphase models
for sprays. In this work, we will denote by spray a disperse liquid or solid phase
evolving in a surrounding gas. The models are based on a coupling between
a kinetic equation of Vlasov type (for the droplets or dust specks constituting
the disperse phase) and a system of (compressible) fluid equations for the gas,
so that they belong to the class of coupled kinetic-(compressible) fluid models.
Before presenting our results, we emphasize that despite a rich history which
can be traced back to the seminal publications [9, 12, 18, 16, 19], which were
motivated by application needs, and which were followed by [1, 2, 4], the math-
ematical analysis of coupled kinetic (compressible) fluid models is not yet fully
developed. We refer to [13, 5] for very recent results.

Before describing our findings, we present the specificity of the family of
models that we use, originated for example in the publication [4]. The system is
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made of a kinetic equation and a system of (compressible) fluid equations which
are coupled not only through a drag force, but also through the volume fraction
a = a(t,x) of gas at time t and point x € R3. Sprays modeled in such a way
are sometimes called “thick sprays”.

We assume here that the gas is described by the compressible Euler (or
Navier-Stokes) equations. The variables are the (mass) density p := p(t,x) > 0,
the velocity u := u(t,x) € R? and the internal energy e := e(t,x) > 0 at time
t and point x. The pressure p > 0 is a function of p and e, that is p := p(p, e).
For the sake of simplicity, we assume a perfect gas pressure law

p=0O—Dpe, y>1, (1)
and an energy law (in terms of temperature)
e=0C,T, (2)
where T' > 0 is the temperature, and C,, > 0 is a constant.

The disperse phase is described by a phase space density f := f(¢,x,v) >0
of particles (droplets or dust specks) which at time ¢ and point x move with
velocity v € R3. The force acting on the droplets is m,I', with m, := %777“3,
where r > 0 is the radius of one droplet, and m, is the mass of one droplet,
in a system of units where the density of the material constituting the droplets
is equal to 1. The spray is assumed to be monodisperse, which means that all
droplets have the same radius. This force is usually decomposed in two parts,
one related to the pressure gradient, and the other one related to the drag or

friction between the two phases:
m,I' = —m,Vp — Dy(v — u), (3)

where D, > 0. On physical grounds, the drag coefficient D, may depend also
on the volume fraction of the gas defined by

a=1- m*/fdv, (4)

on the density of the gas p, and on the modulus of difference of velocities |v—ul|.
However, still for the sake of simplicity, we consider in this paper that it is a
constant (all quantities indexed with a x are also constants in the sequel). Taking
into account the retroaction of the droplets on the fluid, one obtains the model
system of partial differential equations with the identities (1) — (4),

9 (ap) +V - (apu) =0,

di(apu) + V- (apu®@u) + Vp = —m, [T fdo, (5)
O (ape) + V - (apeu) + p (Oya + V - (au)) = D, [ |v —u|? fdv,
Of+v-Vuf+V, (Lf)=0.

Such systems are sometimes called “Eulerian-Lagrangian” or “gas-particles” for
thick sprays. We shall also investigate a simplified model of the same type, with-
out energy equation (belonging to the “barotropic” family), and more complex



models (at the end of this work). In those more complex models, extra param-
eters can enter the description of additional physical effects for the particles.

The most recent works that we are aware of (for example [13, 5] and the refer-
ences therein) address the well-posedness of simpler models where the particles
constitute a so-called “thin spray”, that is @ & 1 (so that « does not appear
explicitly in the system). In our case, we deal with thick sprays which model
physical situations in which « can be significantly smaller than 1 (for example
a ~ 0.95 in some applications). That is why we will keep in the equations the
most general domain of validity for the volume fraction of the gas

a € (0,1]. (6)

One of our goals is to investigate whether or not a fluid-kinetic model for thick
sprays such as (5) suffers from the same kind of instability phenomena as the
one described in [11, 3]. Note that fluid-kinetic models for thick sprays (with
collision kernels) are linked to multiphase (fluid-fluid) models by an identified
asymptotics (cf. [7]), so that it is indeed a natural question to ask. Notice
also that such an investigation is unavoidably more complex for the system
(5) than in the case of a coupling between fluid equations only. Indeed the
linear operators associated to equations (5) are infinite-dimensional, whereas
the linearized equations are 4 or 6-dimensional for the coupling between fluid
equations only (cf. [17] for example). If ever some instability phenomenon is
present in the solutions of (5), then it would rule out the possibility to extend
the theoretical results from [13, 5] to models like (5), and it would raise issues
on the modeling of real phenomena by those models when « is not very close to
1.

e Our first result in Proposition 2.1 below is that the volume fraction stays
strictly positive under mild smoothness and boundedness conditions on
velocities only: if «(0,x) is bounded below by a strictly positive constant,
then «(t,x) > 0 for further times ¢ > 0 and for all x. The proof combines
nonlinear entropy estimates and simple bounds.

e Our second family of results investigates the linear stability of solutions
around space-homogeneous profiles which are adapted from classical so-
lutions in plasma physics [15, 10, 6]. We linearize the equations of the
problem around a reference solution and we analyze the stability of per-
turbations using weighted quadratic norms. The major difficulty is that
the reference solution is non constant in time due to the drag force, so that
some of the weights display a dependence with respect to the time vari-
able also. More precisely, the concentration of droplets in velocity space
is such that the reference solution behaves like a Dirac mass in velocity
at the limit ¢ — oo, so that the estimates must be robust enough with re-
spect to this behavior. Linear stability is proved in Proposition 3.4 for the
barotropic system which is a simplification of (5), and in Proposition 4.2
for the full system (5).



e Some hints about the possible extension of these results to more general
models where the particles are submitted to additional physical effects
(such as collisions, or temperature exchanges, or viscosity effects) are col-
lected in Section 5. We first explain how the introduction of elastic col-
lisions preserves the Lyapunov functional for specific reference solutions.
We then show how to get the entropy consistency of a system with thermal
effects for the particles, and then how to find explicit solutions to this new
system, with a technique of separation of variables. Finally we explain
how the presence of viscosity preserves the Lyapunov functional (of the
barotropic case).

The organization of the paper is as follows. Preliminary remarks and the
nonlinear positivity principle for volume fractions is established in Section 2.
Linear stability is shown for the simpler barotropic system in Section 3. The
analysis is generalized to the full system (5) in Section 4. Finally in Section 5,
we show how to extend the results to more challenging systems involving extra
physical effects.

2 Preliminary remarks and positivity of the vol-
ume fraction

2.1 Conservation identities and entropy equation

We begin with natural remarks on conservation identities and entropy inequality
for system (5) (with (1) — (4)).
One observes that the mass of each phase is preserved since d¢(ap) + V -

(apu) = 0, and
Bt(m*/fdv> +V- (m*/vfdv) =0. (7)

The momentum equation for the gas in (5) can be recast as dyu + (u- V)u +
(ap)~1Vp = aip (—m* fl"fdv). Multiplying the kinetic equation by m,v and
integrating with respect to the velocity variable, one obtains the momentum
equation for the particles

8t<m*/vfdv> + V- <m*/v®vfdv> :m*/I‘fdv.

Adding this identity with the momentum equation for the gas in (5), one obtains
the conservation law for the total momentum equation

Oy (ozpu+m*/fvdv>+V~(o¢pu®u)+Vp+V~(m*/v@)vfdv) =0. (8)

In view of the definition (3) of the force m,I' and of identity (4), the momentum
equation of the fluid can be rewritten as

O(apu) + V- (apu®u) + aVp = D, /(V —u)fdv. 9)

4



One obtains then a balance law for the kinetic energy of the fluid

O (ap'll2|2> +V- (ozpuz|2u> +au-Vp=D,u- /(v —u)fdv. (10)

The same balance law for the particles is obtained from the kinetic equation

Oy (m*fvffdv> + V- (m*flvzlzvfdv> = (/m*vl‘fdv), that is

[v|? [v[?
O my dev +Ve | my vadv = -—m,Vp- [ vfdv—D, [ (v—u)-vfdv.
(11)
Making use of (4) and (7), the fluid internal energy equation (5) can be expanded
as

O¢(ape) + V - (apeu) + m,pV - /vfdv +pV - (au) = D, / v —ul*fdv. (12)

The summation of (10) — (12) yields the total energy equation in conservation

form
v|?
O apE—Fm*/f 5 dv (13)

v[?

+V- <apEu+m* 2Vfdv+apu+pm*/fvdv> =0.

Here E = e + g is the fluid total energy, and the viscous tensor in the right
hand side is defined by
(uVu); =u-0,;u.

In order to obtain the fluid entropy equation, we observe that the density
equation yields
p(Ora+ V- (au)) + aDip =0 < dia + V - (au) = apD;T,

where 7 = 1/p > 0 is the specific volume, and D; := 9; + u- V. The internal
energy equation in (5) can be rewritten as

ap (Die + pDy7T) = D, / |v — ul®fdv.

Since we take the perfect gas pressure law (1) and the energy law (2), the entropy
is defined by
S =C,log (ep' ). (14)

The second principle of thermodynamics writes

TdS =de+pdr, T >0,



and as a consequence,

D,
apDS = - / |v — ul?fdv. (15)
which can be rewritten
D,
O (apS) + V- (apSu) = el / v — ul?fdv. (16)

This entropy inequality shows the thermodynamical consistency of the model.

2.2 Positivity of the volume fraction for smooth solutions

The nonlinear stability of the model is related to the possibility of showing that
a > 0 for all times, provided that this property initially holds. This means that
the concentration of particles cannot exceed the critical value 1/m,. In what
follows, we prove such a property for smooth flows defined in the time-space
domain Q = [0, Tena) x R? for some Typq € (0, 00].

We make standard assumptions about the positivity of the initial density of
particles, that is

f(0,x,v) >0, for (t,z) € Q, (17)

and about the positivity and boundedness at initial time of the fluid initial
density

0 < p_ = inf p(0,x) < pi = sup p(0,x) < oco. (18)
x€ER3 x€ER3

The fluid entropy is also assumed to be initially lower bounded,

—o00 < S_ < inf S(0,x), (19)
x€R3

and the volume fraction of the fluid to be positive at initial time

0<a_= inf a0,x)<1. (20)
x€ER3

This assumption implies that

1—a_ 1
sup/f((),x,v)dvg a < —,

xER3 My My

which is an upper bound for the initial density of particles.

We will then make the following regularity hypothesis on the velocity vari-

ables:
[ fvdv
Trdv ©

For the model problem (5), it is natural to consider that the pressure vanishes
at infinity. We will therefore use the following assumption (in which there is

uec wh>e(Q),

L=(Q). (21)



uniformity in time of this limit), that is for all ¢ > 0, there exists A > 0 such
that

0 <p(t,x)=(y—1Dp(t,x)e(t,x)) <e, for0<t<Teng and |x| > A. (22)

This assumption is very natural for smooth flows defined on the whole space R3
(note that for a flow in a bounded domain, the boundary condition sometimes
induces the boundedness of the pressure under the form 0 < p(t,y) = (y —
)p(t,y)e(t,y) < B for some particular y € R3).

We now write down a result of positivity of the volume fraction under the
above assumptions.

Proposition 2.1. Assume that a solution of (5) defined on the whole space
R? (and R3 x R3 for f) is smooth on [0, Tena) for some Tena €]0,00[. We also
suppose that the assumptions on the initial data (17) — (20) hold, that « € [0, 1]
on [0, Tena) x R3, and that the boundedness assumptions (21) — (22) hold.

Then for some C > 0 depending only on Tena, p+, p—, a—, S—, A (corresponding

to e =1) and ||u||w1.~q), L vy , the following estimate holds:
J 14 || o)
C <a(tx) <1, t €00, Tona), x € R3. (23)

Proof. The regularity u € W1>°(Q) and a classical treatment of the character-
istic curves of the first eq. in (5) yields that for some C_,C > 0,

C_ = inf (ap)(t,x) < sup (ap)(t,x) = Cy, 0<t<Tena. (24)
x€ER3 xER3
Therefore, if one manages to obtain an upper bound on the density p, it will
yield a positive lower bound on «, which is the claim.
The momentum equation (9) yields

l1-—«a vdv
aVp = —apDyu+ D, p— X (ffffdv — u> ,

so that one can write for some C > 0 (in the rest of the proof, we use C' > 0 for
various constants depending on the parameters cited in Proposition 2.1)

108l ey < € (14111 = ll g - (25)
For the perfect gas pressure and energy laws (2), one has

p=(y—1)p" eV, (26)

Therefore, the following identity holds:

(y = 1)7eS/(C
1—1/y

1
1
p

aVp = [(7 — 17 ”)Oép} Vp =

ap] V(' ).



Since ap is lower bounded by a positive constant thanks to (24) and S is lower
bounded by means of (15), we see that thanks to estimate (25),

HV(plfm)H <cC (1 ) —aHLw(Q)),

Le=(Q)
Thanks to the hypothesis (22), one gets after integration wit respect to x,

kl/y”

Hp SC(1+||1—04||L<>0(Q)>-

L ()

By means of (26) and the lower boundedness of the entropy S, the density p is
bounded

157 ey < € (1 . aHLm(Q)) .

Then thanks to (24), one has [[1/a ;e q) < C (1 +1 - a”ié(oz;nl)) <C.

3 Linear stability explained for the barotropic
system

3.1 Presentation of a simplified system

What we mean by linear stability is stability of the linearized equations around
a specific family of interesting exact solution, for some weighted L? norm. The
method that we present below is quite explicit, however the algebra is somewhat
cumbersome because the linear integro-differential system has coefficients which
are time dependent. This is why it is useful to present the method for a model
simpler than the initial one (5). We consider therefore a simpler model, with a
barotropic type hypothesis, where the pressure law depends only on the density,
that is

p=plp), p'p)>0, (27)

so that the equation for the energy is not needed.

It writes

O (ap) +V - (apu) =0,
O (apu) + V- (apu®@u) + Vp = —m, [T fdv, (28)
atf+vvzf+vv(rf): s

with the closure relations (3) and (4).

3.2 An explicit solution of the system

We compute an explicit solution to system (28). We consider initial data for the
gas which are homogeneous (independent on x). Using Galilean invariance, we



can moreover impose that the initial velocity is equal to 0. Those assumptions
write

p(0,x) == po >0,

u(0,x) :=0,

a(0,%x) :=ap > 0.
Then we assume that the particles are also initially distributed in an homoge-
neous way w.r.t. X, and in an isotropic way with respect to v, that is

_ v|?
F(0,x,v) = WF <2T*) ,

where ng > 0 does not depend on z, T, > 0 also does not depend on z (the
introduction of this last constant is not really mandatory, but is useful if one
wishes to fix some moment of the profile F'), and F' is a smooth function from R
to R4. The case of a Maxwellian distribution function corresponds to F(w) =
e~ " for w > 0. In the above formula, K > 0 is defined by

K3/?% .= 47r/ F(w) V2w dw,
0

so that [, f(0,%,v)dv =mng and [ps f(0,x,v)vdv = 0.
Lemma 3.1. A solution to the system (28) with the closure relations (3), (1),

(27) is
p(t, X) = /007
u(tvx) =0,
a(t,x) = ag =1 — myng, (20)
L'=—d,v,
€2d*t v 2
F(t,x,v) = 31 f(0,x, et tv) = et (KTZLFO*)% F ( 2T*‘ | ) :

where d, = 2= > 0. If the drag/friction coefficient is non zero, then d, > 0.

My —

Remark 3.2. The distribution function of the particles is homogeneous in
space. It is equivalent to write

X, V) = v) = 10 |U|2
f(tv ) ) fO(t7 ) (KTk(t))gF(2Tk(t)> (30)

where v = |v| and the kinetic temperature Ty (t) of the particules is
Ty (t) = Tre 2%, (31)
Note that fR3 flt,x,v)dv =ng and fﬂ@ ft,x,v)vdv =0 for all time t > 0.

Remark 3.3. The originality of the family of profiles (29) with respect to what
is usually considered in stability analysis, is that it is time dependent (for non
zero drag/friction d, > 0). Note that the density of particles tends to a Dirac
mass in v as t — 0o.



Proof. In the first equation of (28), both terms vanish. In the second equation
of (28), the only term which might be non zero is proportional to [ vfdv. As
already noticed in the remark, the function f is radially symmetric with respect
to v, so f v fdv = 0 and the second equation is verified. Finally, concerning the
last equation of (28), it is easy to check that

o f +Vy - (Tf)
=0 f+T -Vof+ fV,-T

— O f —dyv-Vof —3d, f
= et [0rg — duv - V4] (where g = eisd*tf)

which ends the verification. O

3.3 Linearization

We linearize the system (28), (3 — 4) around the state pg > 0, ug = 0, ap =
1 —myng > 0 and fy (defined in (30)), known to be a solution thanks to the
results of Lemma 3.1.

We consider therefore

p(t,x) = po+epi(t,x)+O(e?),
u(t,x) = euy (t,x) + O(g?),
a(t,x) = oo +eai(t,x)+ 0(e?),
ft,x,v) = folt,v) +e~/folt,v)edtgi(t,x,v) + O(c2).

The linearization of the density equation writes
agOip1 + podiar + appoV - uy =0,

which can be rewritten, using the linearized specific volume 7 = —%, under
0

the form
Olopoat’rl = OZQV -uy + 8ta1

=ooV - -u; —m, 8,5(/\/]Toed*tg1dv)
=V -u +m,V- (/\/%ed*tglvdv>,

thanks to the linearization of the mass conservation of the disperse phase

3t(m*/med*tgldv) +V- <m*/\/%ed*tg1vdv) =0.

10



Defining the speed of sound ¢y := 1/p'(po), one can see that pyp'(py) =
—pi c3 11, so that the linearization of the momentum equation can be written
under the form

aopodiuy = aopgc%VTl + myd, /v foed*tgldv — myd,uy /fodv.

The equation for g; is more tricky to get and we keep the notation fo(t,v) to
make some terms clearer. One has

V fO(t, v)ed*tatgl + 915}( fo(t,U)ed*t) + f()(t,’())ed*tv Vg1

+V, - (I‘O fo(t,v)e® g1 + T fo(t, U)) =0,

where Ty = —d,v and T'; = =V (p'(po) p1) + deuy = p2c3V + dyuy. So

g1 +v - Vagi + (V folt,v)e™ ") (p5eg Vi - Vo fo)
= (v folt,v)e®™ ")~ {_ 910:(V/ fo(t,v)e™") =V, - (Fo fo(tav)ed*tgl)

_d*ul : va()(t7 U):| :

One has the following formula for f

Vusalt ) = — et (= ) () e

which yields the identity

(VR Vaalts o) = /a0t (- 1) () 69

One gets

2 2 a 2
Poo |v]
Og1 +v-Vaeg1 — t, \% —
td1 TV g1 T, fO( U) v 7'1( F)(sz

_ % folt,v)e™'v-w (‘ > ( g(zt))

—(v/fo(t, v)etH)~! [glat(\/ fo(t,v)e®!) +V, ( fo(t,v)e? )} )

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

(V folt,v)e") ™! [91@( folt,v)e™") + V, - (FO\/ )}
= (VIolt, o)) [/ Folt 0)e™) + Vo (To/Fol )}gﬁro.vvgl

11



= V) [ R0 + 9 - (R Rfe o)

_%[vv-ro]( fo(t’v)ed*tﬁ“r o ( o9

The term in front of g; is
(Vo) [mmedmvv (Pl 01e) = 519 ol (VR0
= (VFolt, v)e [m@ted et/ 0)
00 V(60 + 19Ty Tt 01t
— (VA0 [0/l + T Vo Row)] + (4 59, o)
= (2fo(t,v)) "  [Defot,v) + To - Vy fo(t,v)] + (d* + %vv - ro>

1 1
= -3 U'F d* 5 'u'r :d*7
2V 0o+ ( + 2V 0)
because fo which is defined by (30) satisfies (cf. eq. (32))
9t fo(t,v) +To - Vo folt,v) + fo(t,v)Vy - To = 0.

One gets

Ohg1 +v -V ——pgcgﬁd*t v (= 2 (2 (34)
td1 TV zd1 T, 0€ "V T1 Ia 2Tk(t)

_dy dut F’ |’U‘2 1 1 9
= f\/ foe V- up — F 2Tk(t) 7d*gl — gTVU . 51—‘091 .

Regrouping the linearized equations for 71, u; and g1, we end up with the system

agpo Oy 1 = aov u1 +m V- [V foelt g1 vdv,
appo Opuy = aopoco Vi +muds [ v/ fo el g1 dv — mudoa [ fodo,

2
g + V- Vogr — % /Ty ety - Vi ( - F) (zﬁ(t)> (35)

’ ’U2
=% foed*tv'u1<§><m'u))d*91+ Vo (3ve1)-

This is a linear integro-differential system of equations, with coefficients which
are homogeneous in space, but with a dependency in time. More precisely, if
d, = 0 (no friction), then the coefficients become constant in space and time,
however for non zero friction d, > 0, then terms like e®+? display exponential
increase in time. Such coefficients are not a surprise, because the system is
derived from the linearization around kinetic profiles which tend to a Dirac
mass as t — oo.

12



3.4 Lyapunov functional

Taking our inspiration from mathematical analysis of Landau damping in plasma
physics [6], we introduce a quadratic Lyapunov functional for the linearized sys-
tem (35). For a given smooth function F' > 0, we introduce the function

_ F (P
R(t,v) =~ (2Tk(t)>’ (36)

If we assume that F is strictly decreasing (more precisely, if F/ < 0), then R
is positive and well defined. In plasma physics, the strict monotony of F' is
a classical way to satisfy the Penrose stability criterion around radial profiles
[15][page 45 and remark 2.2] and [10]. In the rest of this work, we will therefore
make the assumption R > 0, which corresponds to F' < 0. A Maxwellian
reference profile corresponds to F(w) = e~ 7%, so that R = 8 > 0 is a constant
in this case.

Proposition 3.4. We consider constants my, T, > 0 and d, > 0. We also
consider constants pg > 0, ag = 1 —myng € (0,1), co > 0, and fo defined by
(31), (30), where F is a smooth function such that F' < 0.

Then, for any Tenq €]0,00], all smooth quickly decaying when |x| — oo (and
|v| — oo for g1) solution (11,u1,g1) to the system (35) on [0, Tenq) x R3 (xR3
for g1) satisfy on [0, Tena) the differential inequality

d 2c2 1 1
pr [aopo (pO;Ole + 2|u1|2> + m*T*/igf Rdv] dx <0. (37)

Proof. We compute
Oy <a0po <p8203712 + ;|u1|2> + m, T, / %g% Rdv)

= pgcgﬁ Or(appot)+ur -0 (appour )+my Ty /91 O g1 Rdv—k% my, T /g% O: R dv
= pgcgﬁ agV-uy + pgcgﬁ m,V - / \/JToed*t g1 vdv

g - appici Vi +uy -m*d*/v foett gy dv — myd, |ug|? /fodv

F/ 2
+m, T, /91 [-v-V.g1] Rdv—i—m*/gl pgcg VietvVn [ ——= [v] Rdv
AAC0)

F/ "U|2
—&—m*d*/g“/foed*tv.ul (_F>(2Tk(t) Rdv—m*T*d*/ngdv

1 1
—|—m*T*d*/VU- (2vgf> Rdv+§m*T*/gf8thv.
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We see that
O (Oéopo (/)(2)20(2)712 + ;|u1|2) +m*T*/;9§RdU>
=V- (aopgcg Tiuy — my Ty / % v Rdv + p%cg My Ty / fo et g1 vdv)
+uy - D*/v foe®t g dv— D, |ug|? /fo dv
+my dy /91 fo ety du - u; —my 1Ty dy /g%Rdv

1
—|—§ my T /g% (iR — dyv-V,R)dv

1 F\'( |vP? 0Ty |v]? [v]?
= : _D* 5 *T* 2 — - —— — Ox
vo-pasgnt [¢(-5) (mg) (-7 -5

:VG_D*Q7

where
2
G = aopgcg Trug —my, Ty / ‘%1 v Rdv+ pgcg My T1 / v fo ed*tgl vdv,

and Q = |w|? [fodv—2[ g1V foe™!vdv-us + T, [¢g? Rdv. Lemma 3.5
below shows that @ can be recast as

1
Q = T*/|h1|2 Rdv > 0, hy = TUI -V fo ed*tR_l —3g1. (38)

Therefore one has by integration in space

d ocs 1 1
%/ (aopo <p020712 + 2|ul|2> +m*T*/ngRdv> dz

-, / Qdr <0,
which is the claim. O

Lemma 3.5. The following formula holds:

1 2
T*/‘Tul'v fo ed*tRil Rdv = |111|2 /fodl).

Proof. We denote u; = («, 8,7) and v = (v1,v2,v3) and use classical symmetry
arguments. One has

1 2 1
T*/ —uy v/ foe* ' R Rdv=— |uy ~v|2f0 2t R~y
veR? T T, vERS
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T o T P(am) (- F) (i)

_ _%(t) /\avl+5v2+vvsl2 (K;:)(t))% FI(Zqu(?t))dU
_ _%(t) /(a2v%+62v§+v2v§) (KTzO(t))g F/(zg(i)) v
- _%(t) [ (@544 ot (K;f(t))z FI(?%JZ)) "
5 S5 e ()

2 2
=-3 n(}(|131/12| 4#\/5/113/2 F'(u)du

~

=no |w |2 K%/ % 4n \/i/ul/2 F(u) du

=N |111|2 = ‘l.l]_|2 /fo dv.

4 Linear stability for the general case

The extension to the full Euler equations (including the equation for the en-
ergy) coupled with particles (5) is needed for applications [4]. We show how
to linearize around the new reference exact solution and how to complement to
Lyapunov functional with a Gronwall technique.

4.1 Exact solution

The exact solution of Section 3.2 can be generalized to the system (5) by giving
the value of the internal energy eq(t).

Lemma 4.1. The functions (29) — (31), complemented by
My

eo(t) = e(0) + (1 — e72%F) P

K,, (39)

with K, = £ [v? fo(0,v) dv, is a solution to the system (5). Under the physical
condition eg(0) > 0, the following estimate holds:
My

0 < eg(0) <eg(t) <ep(0) +
0(0) < eoft) < eof0) +

K, < 0<t< 0. (40)

15



Proof. Plugging (29) — (31) in the internal energy equation (5) or in the total
energy equation (13) yields the equations

aopoch(t) = Dy / v[2 fo (£, v)do.
The kinetic energy of particles is

i '—1 v|? v)dv = w 10 |V|2 v = e 24t Kin
Kin(t) = 5 [ ot o = [ oo () Kin(0).

Using this to calculate eg(t), one obtains (39) which is the first part of the claim.
The last part is obtained directly from (39). O

Contrary to the density pg which is constant in time, the internal energy
ep is monotone increasing with respect to time. It illustrates a transfer of the
kinetic energy of the particles to the internal energy of the fluid. Note that the
pressure po(t) = p(po, eo(t)) is also monotone increasing because of eq. (1).

4.2 Linearization

We introduce the ansatz
e(t,z) = eo(t) +eei(t,x) + O(e?),

p(t, ) = (v=1) po eo(t) + e p1(t, x) + O(?),

and
S(t,x) = So(t) + e S1(t,x) + O(e?),

where S is the entropy of the gas.

The linearized system associated with the full system (5) contains the fol-
lowing equations, which are close to those of (35):

aopo 1 = gV -ug +mi V- [ /Foedt g vdv,
Qo0 8tu1 = 7Oéovp1 + D* IV fo Gd*tgl dv — D*ul ffo dv,

|v]?

Oig1 +v - Vg + 7 Vo' v- Vpy (— g) <2Tk(t)> (41)
’ U2
= Vet v (— fv) <2Tk|(t)> —dugi + GV (5v4E) -

The only difference between (35) (that is, the linearized equations in the barotropic
case) and (41) is the first term in the right hand side of the velocity equation.
Next we eliminate 71 in (41) since it can be written in terms of p; and S;. For
the perfect gas pressure law (1), (2), one has dp = —(p?c®)dr + p/C,dS, where

ci=7==v(y—1De

is the square of the speed of sound in the gas.
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It yields the identity

1 + 1 g
T = 535D 1-
P5C% ¥Cypo

One must take care that co(t)? = (v — 1)eg(t) is non constant with respect to
the time variable (note however that it is bounded below and above by a strictly
positive constant). This sole fact explains some of the unavoidable technicalities
when treating the full model with internal energy. After differentiation with
respect to the time variable, one gets

1 1 1
By = — at( b1 ) _ at( ) n 85,
PoCo PoCo PoCo PoCo vCupo

Therefore it is possible to rewrite (41) as

pPoco

agpo Opur = —aoVpr + Dy fV fo edxt g1 dv — D,uq f fodv,
’ 2
oo -5+ VT (- ) (o)

’ 2
= Vioettvouw ( FF) <zﬁl(t)) —dugi+ Vo (3V97)

aopo O ( o ) = —appocoV - uy —mupocoV - [/ foelt grvdu + W,

(42)
The additional term in the first equation is
9 1 1
W = agpyeo | ——0u51 | — aopop1Oe (| —— | (43)
vCupo poco

it is not present in the barotropic case.

In order to get a closed linearized system, one must complement the system
(42) with one more equation for one of the unknowns e, p; or Sy. If one starts
from the entropy identity (15), the calculations can be handled swiftly. One
first writes thanks to (15)

apT DS = D, / |v — ul?fdv.
Using the perfect gas pressure law (1), (14), one obtains
apD,S = (v —1)C, D, / |v —ul?fdv. (44)

The linearization of this identity around the solution defined by (29), (30), (39)
yields (using the radial symmetry of fy and uy = 0 to simplify the right hand
side)

aopo0S1 + agp10:So + a1po0rSo = (v — 1)Cy D, / V12V foe®gidv.  (45)
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Using the notation (38), it is rewritten as
QopoOS1 = —app10:Sy — a1 podiSo + (’Y — I)C,UD* / |V|2\/ foed*t}hdl}. (46)

Two comments can be made about (46). The first one is that from the definition
of the perfect gas equation of state (1), (2) and the identity (39), the following
estimate holds: ,
8,50 = C, 0 = O(e20). (47)
€o
The second comment is that in the second term in the right hand side of eq.
(46), the term o can be rewritten as

ar = —eltmy [/ oqidv
= —ebtm, [Fohidv + e¥tmy [/ fo(h1 — g1)dv (48)
= —ebtm, [fohidv.

Indeed the difference h; — g1 is an odd function with respect to any component
of the velocity variable v because of (38), so the corresponding integral vanishes.

4.3 Linear stability

Linear stability is shown thanks to an adaptation of the Lyapunov functional
argument of Section 3.4 to the system (42), (46). Let us define

o1V

2
my T, 2

P1 2 2 *
+ [jug + |51 + —
|72 @sy + 1510172 @) 0 70

Po Co

-

, (49)
L2(R?) L2(R)

where R is defined by (36).

Proposition 4.2. We consider constants my,T, > 0, d, > 0, C, > 0, v > 1.
We also consider constants po > 0, ag =1 —myng € (0,1), fo defined by (31),
(50), where F is a smooth strictly decreasing function such that (remembering
definition (56))
r— < R(t,v) <rg for all t,v, (50)

for some 0 <r_ <ry, and ey is defined by (39) (with ex(0) > 0).

Then, for any Tenq €]0,00], all smooth quickly decaying when |x| — oo (and
|v| = oo for g1) solution (p1,uy, S1,g1) to the system (42), (45) on [0, Teng) X R?
(xR3 for g1) satisfy on [0, Tenq) the inequality

a(t) < Ca(0),

where a is defined in (49) and C > 0 is a constant which depends only on the
parameters introduced in the proposition. Note that pg, co and Sy used in the
definition of the system (42), (45) are assumed to be related to py and eg (and
Cy, v) by the thermodynamical identities coming out of (1), (2).
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Proof. Multiplication of the first (resp. second, resp. third) equation of (42) by
PL_ (resp. uy, resp. g1) and integration yields (using notations (38) and (43))

Poco
d 1/ m S 1
2 2
— -|\— += dz +m, T, = dzd
dt [aopo/ (2 (poco) 2|u1| > e //leR v

1
= —D*T*//fthdxdv—k/Wp—ldx.
2 PoCo

It can be simplified as (C' > 0 being here and in the sequel a generic constant
depending only on the parameters introduced in the statement of the proposi-

tion)
i (’ ) <0 |mVE[ +Clplwl.,
(51)

where we use the shorthands || ||, and || ||z, for the L? norms on R? and R? x R3.

b1 2

Po Co

2
] T2 +

xT

*T*
= ‘91VR
Po

(7)) v

From (46) — (48), one gets
10:S1]le < C e 25 Ipy]|lo + C et || [V ohadv|| + Ce®t || [ [vI*V/Johado||, .
(52)

We bound the second term in the right hand side of (52) by

H/ Viihdv < ( / fodv)é Iall,, < € [1vER

Concerning the third term in the right hand side, one has ||f [vI2v/foh1 dex <

(f |V\4f0dv)% |h1]l,,- By virtue of the definition (30) of fo, one can bound
[ V|4 fodv < Ce=4t, Tt yields

e

From (52), one obtains

v

< Ce 2 hy|l gy < Ce 25 h VR g0
T

10:S1 ]l < Ce > Iprls + Ce™ " |h1 VR 4. (53)
Identity (43) yields (remembering (39) and ¢3 =~ (y — 1) eg)
IWle < Ce™™ 1|l + 18651,
which turns, thanks to (53), into

W]z < Ce_zd*t”pl”z + Ce_d*tth\/EHxv-

19



Plugging this estimate in (51), one obtains

Po Co @0 Po

2
£ (10 2+ 22 oA ) < -V, + ot

+ Ceid*t”lem”hl\/E”zv'
(54)
Inequality (53) also yields

d _ _
ZlIS1E < Ce pi[lal|Sille + C e [PV Rl | Sl (55)

The summation of (54) and (55) and a Cauchy-Schwarz inequality yield a control

d 1
o) <=C |hiVR|2, + Ce 2 a(t) + C e~ a(t)2 |hiVR| 2o

Thanks to Young’s inequality, it turns into

d —2d,t
— < * .
dta(t) <Ce a(t)

A Gronwall lemma yields the final bound for all t > 0

a(t) < a(0)e? (1me7*).

5 Models including more physics

In this section, we consider some natural physical extensions for which the tools
developed in this work can be applied. In a first subsection, we consider colliding
particles. In the second subsection, we consider particles with their own internal
energy. We restrict in this last subsection the discussion to the presentation of
the new terms in the model.

5.1 Extension to colliding particles

We introduce here the elastic Boltzmann collision kernel for droplets. We assume
that the fluid is barotropic as in section 3.

We recall that in the Boltzmann theory for hard spheres, the kernel @ :=
Q(f) acts on functions of v only (that is, t and x are parameters), and writes
(up to a constant)

ane = [

v« ER3

/652 [f(v;) FOV) = F(v) F) | (v = Vi) - w| dwd.,

where v, represents the velocity of a droplet which has just collided with the
droplet under study (of velocity v), and v/, v/, represent the velocities of two

20



droplets which after collision will have velocities v and v,. The quantities v/
and v/, are given by the following parametrization (involving the unit vector w):

vVi=v—(w-(v—vy))w,

Vi=vit (w-(v—vy))w.

The factor |(v—v.)-w]| is that of hard spheres, which is natural for macroscopic
particles. We refer to [14] for the use of Boltzmann operator in the context of
(thin) sprays.

In this subsection, the equation for f in the barotropic system (28) is mod-
ified by adding the collision kernel in the right hand side. The resulting system
is called in the rest of this subsection the modified system, it writes

d(ap) +V - (apu) =0,
Ot(apu) + V- (apu®@u

)+ Vp=—m, [T fdo, (56)
Of+v-Vof +V,-(Tf)

= Q(f),

with the closure relations (3) and (4).

Then one linearizes @) around a function fy > 0 assumed to be a time-
dependant Maxwellian (thus F(u) = exp(—8(t) u) with the notation of section
3), that is In fo(t,v) = a(t) + b(t) - v — c(t)|v|?, with a(t) > 0, b(t) € R? and
¢(t) > 0. Using the expansion f = fo + & +/fo g1, one gets thanks to a classical
computation that Q(fp) = 0, and that

Ah+evhnm=<[ [ (e

g1(v.) 9 (v) _ 91(v) _ 91(v) v —v,) - w|dwdv &2
X[ﬁo(v;>+\/fo(v/) VTo(vs) \/fo(v)h( <) - w|dwdv, + O(?).

Defining the linearized Boltzmann operator (around fy) by

(o) =R [ ot

91(vi) 9(v') _ 91(v+) _ q1(v) VvV —V,)w|dwdv
x{\/fo(V’*)+\/J70(V/) Vo) \/fo(V)}K «) - w| dwdvy,

we see that thanks to the changes of variables (v,v,) — (vi,v) and (v,v,) —
(v',v]), the following classical positive self-adjointness property appears:

/ 01 (v) (Lgr) (v dv—/ / / V) fo(vs)
VER3 veR3 Jv,eR3 JweS?

gl() gl( ) gl( ’) B gl(V*) B 91(V) v o). ododu
00 (V) Vo) Vo mm]'( o) -l dudend

/ / L ) <;T(‘(3) * ng(?v)»
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g91(v2) a(v)  alvs)  ai(v) vV—v wdv, dv
><|:\/70(v;)+\/70 V) \/>O v.) \/>0 ):||( «) - w| dwdv,dv,

YN
veRS Jv, eR3 JweS?

x{gl(vi) + av) _ gilvs) gl(V))rKV—v*)'wdwdv*dUSO.

Vi) V)V o(ve)  Violv
Thus the linearization of the modified system (28) around the time dependent
Maxwellian fo(t, v) is just the system (35) where the equation of ¢; is modified
by adding Lg; in the right hand side, that is

aopo i = ag V- uy +m V- [ /o et g1 vdo,
aopo o1 = app3cd Vi + muds [ vi/fo et g1 dv — mudou [ fodo,

|v|?

2 2 ’
g1 +v - Vagr — B2/ foettv-Vn (‘ 1;) <2Tk,(t)

’ v|?
= Vet v (— ?) <2ln<t)> —dugr + GV (3voi) + Lo
(57)

Our observation is that

1 1
5::/ {aopo <p0207_12 2|111|2> +m*T*/2ngdv} dx

is still a Lyapunov functional (for the case F'(u) = exp(—03(t) u), in other cases,
this is not necessarily true).

1
Indeed, due to (36), R = 5 and the proof is similar to the proof of Propo-

sition 3.4. The only change is that one needs to use the above self-adjointness
property of the linearized operator L.

5.2 Extension to particles with internal energy

We consider in this subsection droplets which have their own temperature T},
related to an internal energy e, > 0 (satisfying e, = C,, T}, for the sake of
simplicity). Their phase space density is then f := f(t,z,v,e,) > 0, cf. [4].

We assume that internal energy is exchanged between the gas and a given
droplet, at a rate proportional to 7" — T},. The coefficient N, of proportionality
is assumed to be an absolute constant (related to the Nusselt number) for the
sake of simplicity. The model (5) becomes, with these assumptions,

Bu(ap) +V - (apu) =

di(apu) + V- (apu®u) + Vp = —m, [ [T fdvde,,

di(ape) +V - (apeu) + p (Opa + V - (au)) = D, [ [ |v —ul? fdvde,
+N, [ [(T, — T)fdvde,, (58)

a=1-—m, [ [ fdvde,,

Of +v-Vaf + Vo (Tf) + 0, (Bf) =0,

m,® = N,(T — T}),

m,I' = —m,Vp — Dy (v —u).
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We still consider a linear relation between the energy of the fluid e and the
temperature of the fluid T, that is e = C, T, as in (2).

5.2.1 Entropy property

Before constructing an exact solution which is a generalization of (30), we show
that this model is thermodynamically consistant. We define the entropy of the
particles s, = Cp, loge, by the differential relation

Typds, := dep.

For the simplicity of the notations, we shall take a system of units where Cy,,, = 1.
The total entropy of the particules is then

Sp://m*spfdvdep.

Lemma 5.1. The model (58) is endowed with the following entropy law

d D, 2 (T —1,)*
= v + > 0.
n (apS +S,) dx /// ( 7 | ul® + N, T, fdvde,dx > 0
(59)

Proof. We first proceed as in (16), and obtain the entropy law of the fluid

O; (apS) + V- (apSu) = %//\v—uffdvdep—]\f*//%(T—Tp)fdvdep.

(60)
We then derive an entropy law for the particles

8t(m*5pf) +V- (Vm*spf) + V- (I‘m*spf) + m*Spaep (‘I)f) =0,

which yields

oS, +V- <//vm*spfdvdep> + //m*spaep (®f)dvde, = 0.

An integration by parts of the last term shows that

0:Sp, + V- (//vm*spfdvdep> = N*// TL(T —T,) fdvde,. (61)
O

5.2.2 Exact solutions

We show how to generalize (29), (30) in the case of system (58). We use another
notation for the right hand side of (30), that is, we define

Glt,v) = — 0 F< A ) (62)
(KT,(t)2  \2Tk(t)
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where Ty (t) is still defined by (31). By construction
G+ V, - (I'G) =0, I'=—d.v. (63)

Let us now consider a nonnegative function H which depends on ¢ and e, as
follows

H(t,e,) = eMHy (M (e, — U(t))), (64)
where
U'(t)+ \U(t) = NT(t),
and
A=2x

We take U(0) = 0 so that H(0,e,) = Ho(e,). With the natural assumption that
T(t) > 0, one has U(t) > 0 for all time.
We observe that

0¢H + 0., (PH) = 0, (65)

where @ is defined as in (58), that is
O =\T(t) —Tp) = MT(t) —ep), (66)
thanks to the following computation:

OH +0.,(PH) = XeMHg+ Ae*M(e, — U(t))H) — €U’ (t)H)
+(0e, ®)H + ©,, H
= XeMHp + AePM(e, — U(t))HY) — MU' (t)H)
—AH + XN(T(t) — ep)e* M H})
= (=U'(t) +\T(t) — \U(t)) e*M H},
= 0.

It is convenient to assume that Hy is continuous on R, and has a compact
support included in R;. The consequence is that H is endowed with an homo-
geneous Dirichlet condition at e, = 0, that is

H(t,0) = eMHy(—eMU(t)) = 0 for all t > 0. (67)
Let us finally consider the function
f(t,v,ep) = G(t,v)H(t, ep), (68)

which exhibits concentration with respect to both the velocity variable v and
the energy variable e,,.

We observe that the function f is a spatially homogeneous solution to the
kinetic equation

Of+v-Vof +Vy - (Tf)+ 0, (f) = 0.
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Indeed, since v and e, are separate variables,

Wf+ Vo (Tf)+0.,(2f) = 0(GH)+V,  (TGH)+ 0., (2GH)
= H[KG+V, TA|+G[0:H+V, (PH)]
= 0 + 0.

We now consider
p(t,x) := po, u(t,x) := 0, a(t,x) == ag = 1 — my ng, (69)
and e := e(t,x) depending only on t and satisfying

agpoe’ (t) = D*/ / IVI2G(t,v)H(t,e,)dvde, (70)
veR3 Je, >0

- / N (T —T,)G(t,v)H(t,ep)dvdey,
veR3 Je,>0
which can be rewritten
aopo€ (t) = e1Twe 2 — co(T(t) + U(t)) + cze™ ™,
where the coefficients c¢q, o, c3 are defined by
2
c1 = D25 [y WG (55) dw [ Holey)de,
2
cy = N*;—O% Js G % dw th Hy(ep)dey,
2
c3 = N*;—O% Jrs G % dw fR+ epHo(ep)dey.
We see that the quantities defined by (69), (68), (62), (31), (64) constitute a
spatially homogeneous solution of system (58) provided that T' := T'(¢) and

U := U(t) are solutions to the following linear differential system (with right
hand side):

{ aopoT’ (t) —co(T(t) + U(t)) +eciTee 2%t 4 cge™t,
U'(t) —ANT(t) + U(t)).

This system can be quickly solved by observing that thanks to a linear
combination,

(71)

T
(T+U)’:—{>\+ @ ] (T+U)+ L2 g2t | B =t
Qo Po &o Po &0 Po

so that

_ c2 T, e 2dst _ e_()‘+ 5050 ) ¢
T Y= (T (>‘+ ) Po)t atx
(T+U)(t) = (T+U)(0)e HP Y S —"

Qo Po

C. _ c2

—|——3 e_)‘t—e ()‘+f1000)t s
C2

and T and U are obtained by a direct integration of the two equations of system
(71).

The obtained explicit homogeneous solution to system (58) can hopefully be
used to investigate the linear stability. We leave this issue to future works.
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5.3 Models with viscosity

Usually, thick spray models are inviscid (though sometimes some turbulent dif-
fusion terms are introduced in those models). It is however interesting to see
if viscosity terms perturb the Lyapunov functional analysis of sections 3 and 4.
Here we will concentrate on the simple barotropic-type model of section 3, and
introduce the modified system

di(ap) +V - (apu) =0,
d(apu) + V- (apu®@u) + Vp=—m, [Tfdv+ V- (u[Vu+ Vul]+ 4/ V- u),
Onf+v-Vof+V, (T'f)=0,

(72)
with the closure relations (3) and (4), where u,u’ > 0 are supposed to be
constants (for the sake of simplicity) and V- (1 [Vu+ Vu’] + 1/ V - u) are the
terms appearing in the compressible Navier-Stokes equations [8].

Linearizing those equations, we end up with a system which is close to (35), but
in which the viscosity terms appear in the momentum equations:

aopo 1 = ap V- uy +m V- [ /o et g1 vdo,
aopo Oy = appdcd Vi +mudy [ v/ fo el g1 dv — mudouy [ fodv
+V - (p[Vuy + Vul |+ 4/ V-uy),

2.2 ’ |2 73
atgl +vagl — p%i*() /fo ed*tV'VTl — FF> (2’&1(1»)) ( )
’ ) 2
~gevToettvem (= 8 ) () — o+ 89 (bvad).
For this model, Proposition 3.4 still holds. More precisely one can check that

d 202 1 1
{aopo (PoCole + 2|u12> +m*T*/295Rdv} dxr = D, /Qm-sc dx

dt 2
(74)

with

Quisc := T, / || Rdv + D! g |[Vuy + Vul ||+ Dt | Vg2
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