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ANALYSIS OF COMPRESSIBLE BUBBLY FLOWS.
PART II : DERIVATION OF A MACROSCOPIC MODEL.

MATTHIEU HILLAIRET, HELENE MATHIS, AND NICOLAS SEGUIN

ABSTRACT. This paper is the second of the series of two papers, which focuses on the derivation
of an averaged 1D model for compressible bubbly flows. For this, we start from a microscopic
description of the interactions between a large but finite number of small bubbles with a sur-
rounding compressible fluid. This microscopic model has been derived and analysed in the
first paper. In the present one, provided physical parameters scale according to the number of
bubbles, we prove that solutions to the microscopic model exist on a timespan independent of
the number of bubbles. Considering then that we have a large number of bubbles, we propose
a construction of the macroscopic variables and derive the averaged system satisfied by these
quantities. Our method is based on a compactness approach in a strong-solution setting. In
the last section, we propose the derivation of the Williams-Boltzmann equation corresponding
to our setting.

Key-words. Homogenization, two-phase flows, compressible Navier-Stokes equations, Cauchy

theory
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1. INTRODUCTION

The present work represents a straight continuation of a series of articles which proposes to
justify the construction of multiphase flow models. The structure of multiphase flow models
can be derived formally by applying standard conservation principles [8, 9, 11, 16]. However
this procedure leaves aside key-terms that have to be related to mechanical/thermodynamical
unknowns wvia state laws. To this end, a sharp description of the interactions between phases
is required. Classical methods are based on averaging operators whose range of validity is still
to be investigated. Furthermore, the action of these averaging operators on nonlinear quantities
requires further modelling assumptions. From the analytical standpoint, the computations we
provide herein follow previous analysis of the first author notably in collaboration with D. Bresch
[3, 4, 5, 13] complementing previous approaches in [1, 12, 18]. In these references, one-velocity
Baer-Nunziato-like models are derived for multiphase fluids. These computations are based on
the remark that, if the interfaces act as a ”perfect” transducer (no mass transfer, perfect transfer
of mechanical stress), combining the different phases equations yields a global one-fluid equation.
Deriving multiphase flow models then reduces to a thorough analysis of highly-oscillatory solutions
to the one-fluid equation. A particular analytical framework of mixed-regularity (smooth velocity
with discontinuous densities [7, 15, 19]) is identified in [6] to make this approach fully rigorous.
However, this approach is restricted to an ideal case (see [2] for further investigations in this
context). The aim of this paper is to tackle the derivation of averaged models in presence of
jumps at interfaces. Starting from an original microscopic model (that is derived in the first
paper [14]) in which the two phases are fully separated, we derive a 1D averaged compressible
bubbly-flow model by performing space averaging operators.

The averaged model reads as follows. It is set on the container 2 = (—1,1) filled with a
gas/fluid mixture. The averaged variables are the void fractions ay 4 € [0,1], the mean densities
pt.g € [0,00), a bubble phase covolume® f; € [0,00) and the mixture velocity @ € R. It reads:

8t(5‘g _g) + aac(agfgﬂ) =0,
O (aspy) + Oz (agpsu) =0,
(1) O¢(agpg) + Oz (rgpgti) = 0, on (0,T) x €,
Oy +udyap = RT,
0y (pu) + 9, (pu*) = 0,3,

with the compatibility conditions:

(2) agtag=1, p=asps+agpg,
and where the mixture stress tensor writes
S Hgly - af ~ Qg - - Q7
3) B foa— (Yoo + Sa)) - 7227, |
Ay +aguy [ \pg T g T g

while the void fraction relaxation term reads:
Qgof { ( _ _ _ _ 7

———————— (g — p)0zu+ (pr(py) — Pg(pg)) — Vs fg|

Qffig + Crgliy g )% F\Pf g\Pg slg

In these latter identities appear the constants pif, 1ty > 0 (resp. the functions py, py) representing

the fluid and bubble viscosities (resp. the fluid and gas pressure laws). The constant 7, > 0

represents the surface tension.

(4) RT =

The system (1)-(2) complemented with the state laws (3)-(4) is obtained starting from the
following microscopic model, where the two phases are disjoint and their interactions only appear
through the interfaces. Again, the two-phase flow is posed in the one-dimensional domain 2 =
(—1,1), filled by a liquid (the fluid, or the continuous phase, indexed by f) and bubbles (the gas,

IThe denomination covolume may be misleading here. In classical thermodynamic, the term covolume refers to
the specific volume. Here the quantity fy is linked to the volume of the gaseous phase. In 3D configurations, it
would be related to the interfacial area.
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or the dispersed phase, indexed by g). The N bubbles are described by their centers ¢, and their
radii Ry, so that the k-th bubble is

By, = (x,,2}), xf:ckiRk, Vk=1,...,N.

The fluid domain is

N
F=0a\ B
k=1
For later use, we also introduce the fluid intervals
(5) Fo=(zf,a;,,) fork=0,....,N

setting 5 = —1 and Ty, =1

The fluid is supposed to be compressible and viscous, so that it is governed by the 1D com-
pressible Navier-Stokes system, posed in F:

(6) Oeps + Ou(pruys) =0,
(7) O(pyuyg) + O (psut) = 9.y,
(8) Y5 =psOsup —pslpy),

where p; is the density, uy the velocity and X the stress tensor of the fluid. Moreover, uy > 0 is
the shear viscosity and p¢ is an isentropic pressure law for the fluid:

ps(ps) = Kspy,
where k¢ > 0 and vy > 1 stands for the adiabatic exponent. We assume that the fluid is present
at the boundary of the domain ), where no-slip boundary conditions are imposed:

(9) up(t, +1) = 0.

Equations for bubble kinematics and dynamics are proposed in [14]. Therein, the derivation is
based on the assumption that the bubbles are made of a compressible viscous fluid with an infinite
shear viscosity (compared to the volumic viscosity) and that their spherical shapes are preserved
(in three dimensions). This yields first that the continuity of the velocity at the interfaces reads:

(10) up(t, xE(t)) = én(t) £ Re(t) fork=1,...,N.

In addition, imposing that the jump of the stress tensor at the interfaces is due to the surface
tension, one obtains the following system for the dynamics of a bubble:

(1) miéu(t) = Zp(t,af) - Sy(tay),

(12) T R(t) = Byt ) + 2yt af) - 250,
Ry F,

(13) Ek:Nngk_pg(Pk)_?a

where 1, > 0 is the volumic viscosity of the gas, and my and p; are the mass and the density
of the bubble, linked by my; = 2Ripr. As a consequence of mass conservation in bubbles, the
masses my do not depend on time. The term F; denotes the force due to the surface tension and
writes Fy = 75/Ry, s being the surface tension. In order to simplify the analysis, we assume an
isothermal equation of state in the bubbles, so that
F, az)’m 2 K

(14) Tk = DPg(pr) + 78 _ (@g)7m £ 7/ Rk:_ /2 R7’Z7

where a, > 0 is the sound speed of the gas. The last form of m; will be used mainly for the
analysis of the model, while the first form will be useful to interpret the various terms appearing
in equations, notably those due to surface tension. In particular, computing surface tension effects
in the microscopic system involves the quantity 1/(2Ry) that corresponds to the covolume of bubble
By, in our 1D setting. We point out that the system (6)-(13) is not integrable and, specifically,
does not yield any particular value for the fluid velocity-field u;. We are then not in the Rayleigh-
Plesset regime where the bubble equations (11)-(12) reduce to ordinary differential equations in
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terms of (cx, Rx) and an asymptotic pressure [20]. We refer the reader to the companion paper [14]
for more details on the derivation of (6)-(13) and the analysis of the associated Cauchy problem.
Yet, we shall explain in further details the construction of solutions in the next section.

The main result of this paper is to show that, starting from solutions to (6)-(13) we obtain
(1)=(4) by letting the number N of bubbles go to infinity in case:

(15) mg~N"1 R,~N' |Fel~N1 4y~NL

with the other parameters being fixed. One key-difficulty in the proof is that the target system
(1)—(4) is highly nonlinear. Specifically, products between volume fractions and other (fluid or gas)
unknowns are ubiquitous. To obtain such nonlinear terms, it appears that strong convergences of
densities or gas covolume in sufficiently smooth spaces are necessary. Hence, with this approach,
we face two key-difficulties:

e to prove that the scaling regime (15) holds on a timespan independent of the number N
of bubbles,

e to define the macroscopic unknowns and especially, the fluid and gas densities p¢, p, and
the gas covolume fg.

The first item in this list is the content of the topic of the next section. Therein, we consider
initial data that are constructed as follows. Firstly, we fix fluid initial data (p},u}) € H'(Q) x
H} () that are thus defined globally on . We assume further that they are far from vacuum.
Secondly, we fix initial distributions of centers/radii (¢}, R})x=1,. .~ such that (15) holds. We
complement then the microscopic system (6)—(13) with initial conditions so that the initial bubble
velocities match the velocities prescribed by the fluid on the boundaries. This reads:

16 cx(0) =) Ri(0) = RY, fork=1,...,N,
k k
(17) u(0,-) =u$  p(0,:) = p, on F,
and
w0 (c® + RO) 4+ 0(c9 — RO
(18) &9 = (% ’“)2 (% ’“), fork=1,...,N,
) w9 (e + RY) — w9 (& — R?
(19) RY = ek Ry) —uy(ci — ) for k=1,...,N.

2 )
The main result of Section 2 is then that there exists a classical solution to (6)—(13) on a timespan
that depends only on fluid initial data and the parameters quantifying initially assumption (15).
To obtain this result, we combine classical energy and regularity estimates for Navier Stokes
equations. We remind that, in this strategy, one classically uses extra regularity thanks to the
form of the stress tensor ¥ ;. However, such regularity estimates should depend on the geometry
(and then on N). To overcome this difficulty, we propose to consider suitable extensions of Xy
(resp. Xg4) on the complementary gas (resp. fluid) domain. In this way, the extension is defined
on a fixed domain and the regularity gain is independent of the geometry. We point out here that
contrary to the classical approach in the topic of homogenization of multidimensional compressible
Navier Stokes equations in perforated domains [17, 10], our construction takes advantage of the
information on the moments on 0By of the fluid stress tensor that are provided by the bubble
equations.

The second key-difficulty of our approach is tackled in Section 3. Once solutions to (6)-(13)
are constructed on a time-interval that does not depend on N, we consider the behavior of these
solutions for large V. In particular, we look for definitions of the unknowns that are involved in
the macroscopic system (1)—(4). Volumic fractions as well as global velocity-fields are obtained
classically by considering indicator functions or suitably extended vector-fields (see Proposition
13 and Proposition 15). However, the issue is more involved when going to density and covolume
unknowns. Indeed, at the discrete level, fluid density and bubble density, for instance, are defined
a priori on dispersed subdomains only. This cannot yield convergence with sufficient regularity.
To get better convergence results, we decide to construct suitable extensions. For this we proceed
in two steps. Firstly, we ensure that the initial conditions for (6)-(13) enable to define smooth
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extended densities and covolume (see Proposition 12). Then, we propagate this regularity with
a well-chosen extended flow (see Proposition 14 and Proposition 17). With this construction
at-hand, the derivation of (1)—(4) is plain sailing.

In our construction, we start from initial data for the macroscopic system and define a sequence
of initial conditions for the microscopic system that are compatible with the scaling (15) and enable
to construct extended densities. It turns out that this requires further assumption on initial data
that we explain now. We recall that initial data for the macroscopic system consists in:

e initial fluid and gas densities : ﬁ(}, ﬁg,

e initial fluid and gas void fractions a%,aj

e an initial velocity of the two-phase mixture @°,

e an initial gas covolume fg.

It is worth noting that all these functions are defined for x in €2, since both phases are no longer
separated at the macroscopic scale. We shall remain at the regularity level of classical solution
and require that all these initial conditions are H'(£2). For our construction, we require that initial
densities and volumic fraction satisfy:

(21) Qi < min(ay, aj) ay +aj =1

for some strictly positive constants pp,in, min. The first condition means that we are away from
void. The second one expresses that there is a mixture of both phases everywhere in €. Note that
the second conditions implie simultaneously that

(22) maX(HdgHLW(Q)a H@(J)‘HL“’(Q)) <1-—amin-

Concerning, 7g0, we will require that:

(23) fmin < f_g7 dgfg € P(Q),

where f.;n is a strictly positive constant. To explain these latter conditions, we point out that
in the 1D case the covolume of bubbles is proportional to the inverse radius. So f,in is a bound
from above on the initial radius of bubbles and, since we expect 642 fg to be the limit of the
indicator function of bubble domains multiplied by the inverse radius of bubbles, a straightforward
computations yields that it is a positive function whose total mass is 1, hence a probability density.

Though we propose a converse interpretation to the classical one, the multiphase system we
consider in this paper enters the family of sprays as studied by Williams in [21, Section 11]. With
this standpoint, a classical tool to analyze the behavior of the dispersed phase is the so-called
”Williams-Boltzmann” equation which describes the time-evolution of the particle-distribution
function of the dispersed phase. In the last section of this paper, we derive what would be the
equivalent equation in our setting. It is worth to mention that this is no supplementary equation
but simply a rephrasing of the bubble-gas equation that we derived previously. In particular,
herein the bubble-gas velocities are correlated to their position and drag forces are at equilibrium.
We do neither have collision or creation of bubbles. Hence, the only term to be taken into account
is the "evaporation” term which should be understood as compression/expansion term herein in
our compressible setting.

In brief, the outline of the paper is as follows. In the next section, we prove that solutions to the
microscopic system (6)—(13) with well-prepared initial data do exist on a timespan independent
of N, see Theorem 1. In Section 3 and Section 4, we tackle the asymptotics of these solutions
when N — oo. In the last section, we discuss an alternative approach based on using particle-
distribution functions for the bubbles. In appendices, we provide some technical computations
involved in the construction of solutions to the microscopic model.

Acknowledgement. The first author acknowledges support of the Institut Universitaire de
France and project ”SingFlows” ANR~grant number: ANR-18-CE40-0027. This paper was finished
while M.H. was benifiting a "subside a savant” from Université Libre de Bruxelles. He would like
to thank the mathematics department at ULB for its hospitality.



6 MATTHIEU HILLAIRET, HELENE MATHIS, AND NICOLAS SEGUIN

2. LocAL CAUCHY THEORY FOR THE MICROSCOPIC SYSTEM

In this section, we forget temporarily our homogenization goal. We focus on the microscopic
model (6)—(13) in the scaling (15) and we address the existence of solutions with lifespan inde-
pendent of the number N of bubbles provided initial data are constructed as in (16)—(19). In
particular, we fix (p},u}) € H'() x Hg(Q) throughout the section. We assume these global fluid
data satisfy:

(24) 2p < p? < Poo/2 on

for some pair (p ) € (0,00)2.

P Poo
To make precise our main result, we start by giving a quantified version of assumption (15)
that we assume to hold initially. Firstly, we fix that bubbles characteristics enjoy the property:

(ICy) Moo < Nmy,, Nkj, < (Moo)™Y k=1,...,N,

(IC1) 2dos < NR) < (2doo)™ ', k=1,...,N,

(IC3) 2doe < N|F?| < (2doo)™ !, k=0,...,N,
Here My, d are strictly positive constants independent of N. We recall the convention (5) for
the definition of Fy (adapted to notations for initial data). Their union constitutes the initial

fluid domain F°. The physical parameters (¢, f14) and pressure laws are fixed independent of N.
With these conventions, the main result of this section reads:

Theorem 1. Let initial conditions to (6)—(13) be constructed as in (16)—(19). Assume further that
parameters (Mg, ki )g=1,...,.N ond initial bubble distributions (¢, RY)keq1,...,n} satisfy (1Co)—~(ICs).
Then, there exists T, > 0 depending only on

(25) Mooadoovgoo7ﬁ<>07 ||u(;'||H1(Q)7 ||p())”HH1(Q)7
such that there exists a solution to (6)—(13) on (0, Tx).

What remains of this section is devoted to the proof of this theorem. From now on, we pick a
family of physical parameters and bubble centers/radii satisfying the assumptions of Theorem 1
and we construct initial data for (6)—(13).

In the companion paper [14], we prove local-in-time existence and uniqueness of classical so-
lutions to the Cauchy problem associated with (6)—(13). In this moving-domain setting, classical
solution means broadly that:

e the motion of the bubbles is H2(0,T) (i.e. (cx, Ry) € H?(0,T)),
e uis H}L? and L?H?2 in the fluid domain,
e pis Htl)gJ in the fluid domain.
Existence and uniqueness of solutions on a lifespan (0, Tp) is obtained for initial data such that

e there is no overlap of the bubbles,

e initial fluid data are H! in the fluid domain with strictly positive density,

e initial fluid and bubble velocities match at interfaces (so that (18)—(19) hold true).
It is also worth noting that the time Tj is uniform in data satisfying uniform bounds from below
for the distance between bubbles, the minimal radius of bubbles, the minimum density and also
the size of initial fluid velocity and density in H'-spaces. We refer to [14] for more precise and
quantitative statements.

So, under the assumptions of Theorem 1, the local-in-time existence result of [14] yields a
solution on a time-interval (0,7p) that depends on the list of parameters (25) but also on N. To
rule out this dependency, we construct T, such that as long as t < T, the solution

(pr(t, ) up(t, ), (e(t), Ri(t), e (t), Ri()keqr,....N})
yields an initial condition that is compatible with the Cauchy theory of [14] with an associated
existence time independent of t. We emphasize that any classical solution does not allow overlap
of the bubbles and ensures identity (18)—(19) is satisfied at any time. Controlling the existence
time associated with the value of the solution at time ¢ — considered as an initial data — reduces to
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obtaining uniform H' bound for the velocity field and for the density, uniform bound from above
and from below on the fluid density, the radius of the bubbles and the length of fluid segments.

Our approach relies on a suitable combination of energy and regularity estimates for the coupled
system (6)—(13). So, we recall in the next sections the classical estimates that are associated with
(6)—(13). We will pay special attention to obtain estimates independent on N. This will be
particularly challenging for regularity estimates. In particular, we shall study the regularity of
fluid velocity-fields that can be gained through the integrability of the stress tensor by working
on extensions of fluid unknowns on bubble domains and conversely. A tricky part of the proof is
that we can obtain these sharp bounds under the condition that we have already a priori bounds.
So, we implement a continuation argument. This continuation argument is explained in the last
part of the section. However, the extensive proof is rather long and technical. Hence, the last
subsection reduces to a roadmap of the proof that is detailed further in Appendix A.

2.1. Classical estimates. We introduce the function qy : [0,00) — [0, 00) defined by

(26) qr(s)s — ar(s) = ps(s),

which is conjugate of the fluid pressure. In other words, the function q represents the volumic
internal energy of the fluid. Considering an isentropic pressure law, it yields

ayps’t

-1

We can now state the total energy equation. In the bracket of the statement below, the first

term is the total energy of the fluid, while the second and the third terms respectively are the
kinetic energy and the internal energy of the bubbles.

ar(s) =

Proposition 2. For any reference radius Ryet > 0, it holds

d Jug|? enl? | 1Bl
dt[/f(pf 5 +<1fpf)d$+z ( 6

- R | B
725 nkln(Rk> +/uf|3uf| da:+2,ugg k|
=1 ref

Proof. First let multiply the Navier—Stokes equation (7) by the Velocity us and integrate over the
fluid domain F. Using the mass conservation equation (6), it yields

(28) / py (Opuy + upOyug) upde =/ U0y X pde.
F F

Since the mass conservation (6) gives

(27)

4 [ren |Uf|2
dt

Ty
dz = /+ POy + upOpug)upde,
T
one obtains, using an integration by part of the right-hand side,

d Jug|?
- —de =T - T5 - T
dt/}-pf 9 € 1 2 35

with
N

= Z i@y )up (@) = Spladug (=),
k=0

ng/ ,uf|5:cuf\2d:c,
f

T3 = */ ps(py)Ozupdz,
f

where the terms 75 and T3 come from the definition (8) of the stress Xy.
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Using the boundary conditions (9) and, after, the continuity of the velocities at the droplet
interfaces (10), the term T} can be rewritten as

N

T= =Y (@ us(ay) — Sy Juy ()
k=1

= — Zék (Zf(mﬁ) — Zf(&?E)) + Rk (Zf(xz) + Ef(l?)) .

Finally the droplets motion equations (11)-(12) and the definition of the droplet pressure law (14)
yield (whatever the value of R,.y > 0):

N
d |ék|2 mk ‘Rk
le—& l(zmk D) + — —22 kln

k=1

N .
| Re|?
— 2‘u,g Z Ry .
k=1
We now turn to the term T3. By the definition (26) of the function g, and by the mass conservation
equation (6), it holds

Ovag(ps) + Ox(as(ps)us) = —ps(ps)Oauy.
Because the fluid domain evolves with the velocity us, T3 can be recovered

d
E/ q(pg)dz = —/ pr(ps)Ozupda =Ts.
F F
One deduces the final estimate (27) combining the terms Ty, T5 and T5. O

In the regime of initial data specified in this section, we obtain the following corollary:

Corollary 3. If initial data are constructed as in (16)-(19) and satisfy (1Cy)-(ICy )-(1Cs), there
exists a constant Ey depending only on the list of parameters (25) such that any classical solution
to (6)—(13) on some time-interval [0,T] satisfies:

ug|? 1< .
(29) / (pf| £| +q(pf)) dz + §ka(\ck\2 \Rk - QZFEle (dowNRy) < Ey,
F k=1

k=1

n (0,T) with, denoting by lny the positive part of the In:

(30) /T (/ 0wy P + i 'R’“P)
o F fldzUf gk:1 Rk

Proof. To obtain these inequalities, we integrate (27) with R,y = 1/dsN and remark that all
the terms on the left-hand side are positive but:

N
At < By +2 In, (do NRy).
< Eyp+ r[{)l%)](;ﬁk 1 (doo N Ry)

N
>k In(doo NRy).

k=1
We obtain then the inequalities (29) and (30) with:

E, -:/ p0|U(}‘2+q< 4 dx—i—z |C’“|2+|R * —2ZN:H In(RYdoN)
0 J \T 2 1P 2 6 e

k=1 k=1

The first term in Ej is clearly controlled by Hu?H 12 and po. As for the second term, the velocity
continuity (18)-(19) gives

|Ck| + |R | < 2||Uf||Lr><> @, Vk=1,...,N.
Then, with (ICj), we obtain:

N 1 4
;mk (|C'2 24 3R2|2> < Mioonu(}”%w(ﬁ)v
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and, with a classical Sobolev embedding, this part is again controlled by M, and Hu?c I H1()- Now
using the bound (IC4) on the initial radii, it holds

22, < RYNdw <,

so that

[In(2d2,)|

N
- Z wr In(do NRY) < .

This concludes the proof. O

We proceed with a second classical regularity estimate:

Proposition 4. The following identity holds

|8wuf| al . &
/]r (Mf 5 pf(ps)Osuy kz: 2r g
Jr/ prlovus +updy uf\2d9:+2mk <|ck| +*|R |2>
8 u 3
=/ (p}(/)f)ﬂﬂawufg_ f )
F
|Rk| | Re|?
o3 (ol - ).
k

Proof. Multiplying the momentum equation (7) by dius + urd,us and integrating over the fluid
domain F yield

d

dt

(31)
dx

/ prlOvuy + ufaxuf|2d;1: = / (Opus + upOzur)dyXpde
F F
= T4 - T5a

N
Ty= Sp(x),,)(Onus +updpug) (@) — Sp(x)) (g + updaus)(ayf),
k=0

T = [ £70,(00s + usdsup)da
f

The boundary term T can be simplified by using the interface conditions (10),

d d
A Ry) = X (up(xy)) = (Bsug + usdpuy) (x7).

Then one obtains

N
Ty = Bp(@py)(Ersr — Rigr) — Sp(af) (@ + Re).
=0
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The boundary conditions (9) allow to reorganize the sum, and using the droplet equations of
motion (11)—(12) and the droplet pressure law (14), we have successively

N
=- {sz(zg)(ék + Ri) = Sp () (& — Rk)}
k=1

N
==Y @(Sr(af) = Sp(a)) + Ri(Sp (@) + 2y ()
k=1
N
Rk K
- _ Ri|? 2R
kzlmk <|Ck| + - | k| > + 2Ry, (Hng Rk)
| Ri|? ok Ry,

:—Z{mk <|Ck| + = |R |2>
+Z (2& |R’“|2 ug(%z) )

We now turn to the volumic term T5. Developing the term Ty gives

K Ry, Rk

(33) T5 =Ts + / pif (Opuy)®da — Tr — / s (pg)|Opus|*da,
F F
with

Ts :/ pfOptug (0 (Ozuy) + updy(Oauy)) da
F

T = /]__pf(Pf) (0 (Opuug) + u sy (Opuy)) da

These two terms can be handled by classical manipulations, providing

d |0y us|? / (Dpup)?
= Y22 4l = T Y2 Bf)

G | [ prtonosusaa] == [ wst00) = vyt p)onlorus P

As a result,

d \8ruf|2

Ts = — —_ = L pd
5= [/F,uf 5 py(ps)Ozusde
Opug)d
+Mf/ %dl"’-/ V' (py)pslOzuy|*da.
F F

Finally plugging the expressions of Ty and T5 into (32) gives the expected result. O

In the regime of initial data specified in this section, we obtain the following corollary:

Corollary 5. If initial data are constructed as in (16)-(19) and satisfy (ICy)-(ICy)-(IC3), there
exists a constant Ey depending only on the list of parameters (25) such that any classical solution
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to (6)—(13) on some time-interval [0,T] satisfies:

N .
O ? B f?
sup ———dx +
T
+ (/ pslovus +usdsuy] dx+2mk (Il + | >>
0

k=1
N | |
< su 2 Kl — / )| Oz g|da / /
[w%[( > i ) pr(p)|Osuyl

k=1

T N 2
Ry Ry
+/O E (2 |R2| +ug|R2|>+E1.
k=1

Proof. Integrating identity (31) given in Proposition 4 between 0 and ¢ < T, rejecting all non-
signed term on the right-hand side that we bound then by putting absolute values, it yields:

(/ PCETIR o:
= f g Rk

k=1

2
N ..
( prluy + ugdyupPdz + S (|6l + |Rk|2>>
k=1
/ /HfoPf |Oaus[*de
N t 3
Ry Oz
K > ')+/pf<pf>|azuf|d:c +/ /uf%dx
P F o JF
N .
|| | / |RO|2 R
2 us gl
/()Z(Hk R? + Uy R? + - +Z R

k=1
To obtain the expected result, it remains to drop the last term in the left-hand side which is
positive and to bound the last term on the right-hand side by a constant E; with the expected de-
pendencies. For this, we note that the first integral in this last term clearly depends on [|u}|| HY(Q)
Concerning the first term in the sum, the continuity of the velocity field (19) rewrites for any & :

50 _ 1 0
R; = 2 Js Ozuy(s)ds

1/2
) < ./}#)<ch|awug(s)2ds> .

so that

As a consequence it holds

|R0‘2 0 2 0112
3 o< o 2 OP s < 145 o

k=1

Finally, the last term in the sum is bounded by using that ry scales like 1/N. Indeed, applying
(ICy) with (ICy) we have:

R < Moo i
0~ /2do VN
and then, with the above bound on |R9|/+/RY, we obtain:

|RO Mo / 02
Z“ < Vs \ S %1

Vk=1,...,N,

=

[N
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This ends the proof. O

2.2. Extended stress-tensor estimates. In order to obtain regularity estimates on the fluid
velocity field, a classical way is to use the stress tensor. However Xy is only defined on the fluid
domain F, so that estimates on this stress tensor depend on the geometric properties of F, in
particular the number of bubbles. In order to remove this dependency, we define new stress tensors
for the fluid and for the gas phase, extended to the full domain 2:

N Ef, in]:,
35 Xp=19 Tz ezt Si(zy) — Zp(zh
(35) f ) +3p(y)  Zp(zy) f(ivk)(x_%), B k=1.... N
2 2Ry
and
Ek, ian-, kZL...,N,
5 EN, ian,
(36) Eg = Eo, in fo,
% )
S+ R —af), inFi, k=1,...,N 1.
Tiy1 — T

Observe that these two stress tensors are continuous at each interface mk We analyze here the
properties of these extensions, when X obeys further the continuity properties adapted from
(11)-(12)-(13). Namely:

(37) mydy = Yy () = Sy (wy),
(38) B = B () + Zy(af) - 25,
R
(39) Sk = g gy — Dolox) = Fa/2
k

In the stationary analysis of this subsection, these latter identities may stand for definitions of ¢
and Ry. These quantities will be related to the dynamical problem afterwards.

Proposition 6. Assume that X € H'(F) satisfies (37)-(38) with ¥y defined by (39). Then
St € HY () and there exists a constant Cy > 0 such that

N

. |5k|2
IS4 ) + Y (ma)? <Rk|2 R
k=1

2|Rk ’i%
+z( s Rk)

Proof. By continuity of % ¢ at the interfaces,

”ifHHl(Q) < Cy

(40)

N

HifH%P(Q) = ||Ef||§{1(]-') + Z HifH%{l(Bk)'
k=1

We just have to study the H' norm of f]f on a bubble By. The L? norm of Xt can be bounded

as follows:
2 2
- Yi(x;) +2p(a)) Yi(xy) = Zp(x)
A e R e IEREE
k
2 _ 2
_ [ B (ag) + By () 2R+ By(xy) = Ep(zy)|” 2R}
2 2Ry 3

_ 2 Rk _ 2 Rk
= 85 (e0) + e 5+ [Brla) - S
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On the other hand,

_ 2
||8 i HQQ :/ Ef(xk)_zf(xlj)

dx

_ 2 _
_ | Bele) =B @) [y Erley) - Bl
2Ry 2Ry, '
We now gather the two estimates, and obtain
|2 (2y) — By (@) - 2 Ry,
12130 (0 = =g S ) + 2]
2Ry
— 2 Rk
+|2f(xk)—2f(x;§)| -

Using the equations of motion of the droplets (11) and the definition (13) of the stress tensor X,

one gets
. 2
- . 1 Rk: Mk Ry kg Ry,
2 20 (2

T
. 1 Rk Ry |?
<mi|én]? | = + = Ri|*Ry, + 842 8k
< mie (23 6)+ Sl R+ sy A
Finally, this gives the estimate
N B} 1
1260 o <8[zf||H1<f Y om? (1P re+ 6P (o4 7))
k=1
N 3
Ri|2 /12
(e m )|
Ry Rk
k=1
which leads to the desired result since Ry < 1. O

From the above inequality we deduce the following L*°-bound in case Xy is a viscous stress
tensor:

Proposition 7. Assume that £y € H'(F) satisfies (37)-(38) with ¥y defined by (39). Assume
further that ¥y is related to (py,uys) € HY(F) x H?(F) via (8). Then, there exists C1 > 0 such
that

Ch
(41) 102 pllr) < 2 (125l + 05 () )

Proof. In the fluid domain, the stress tensor writes ¥y = pyOyus — py, which gives

1
Oyup = — (X5 —prps))-
My

Hence one has

1
10zl oo () < ;f(”EfHLOO(f) + llpr(pp)llLo (7))
The definition of global tensor 3 t gives then

1=l ) < IS4l @y.
The H'(Q) c L*>(Q) embedding allows to conclude the proof. O

One can note here the gain of working with an extended stress tensor. Indeed, the constant C;
we obtain in the previous proposition is independent of the position of the particles and their radius.
This would not be a priori the case if we wanted to control d;u by X only. Nevertheless, in (40)
we introduced on the right-hand side negative powers of Rj that we shall control independently.
To this end, we performed a symmetric construction with the bubble stress-tensor ¥, and we
provide now a corresponding proposition:
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Proposition 8. Assume that X and (Xg)k=1,...n are related via (39). Then ig € HY(Q) and
there exists a constant Cy > 0 such that

1/2
N /

1 2015 12 4 |x (2

R
A Eﬁ (ma)”(|Re|” + |x]7)
ke{o,...,N} k=1

(42) 11l @) < Co [IE4 I3y +
Proof. By straightforward calculations, the definition of ig yields
. N
1€l ) < D 2BelSkl + [Sol*lay — i | + 1S Ploy g, — ok
k=1

pimiayg)> AL

k+1 — ~k _

+ Z ( | + 28k Plzy, — 77|
1\ Ty — |

+mm4—zu%qﬂ—xm)
2 2 |Ek+1 Ek‘

<C ZRMEH +Z|fk||2k| Z
=1 k+1_37k|

where C' is a positive constant, since the length of the bubbles and of the fluid parts are bounded.
Summing equations (11) and (12) leads to

mp (. R
(43) S = Sy(af) — <ck+3’“>.
We deduce the following estimates, with some constant C’ > 0,

k] < 8l () + maC” (lé] + 1Bl )

[Zht1 — Bp| < |x$+1 - Ty |1/2||(‘3 EfHL2 py)
mg .
= (|Rk+1\ + [énal)-

2

+7(|Rk‘+|ék|)+

One can now go back to the estimate on flg. Noting the relation:

N N
SOIFI+ D 2R =10,
k=0 k=1
the embedding H'(Q2) C L>°(Q) implies the expected result. d

As for the fluid stress tensor, we deduce from the previous computation a control on the
(Xk)k=1,..N by applying again the embedding H'(Q2) C L>(Q):

Corollary 9. Under the same assumptions as in Proposition 8, there holds:

Rk Rk 32
e e T R S Cy |:||Ef||H1(Q)
(44) N 1/2
1 201512 12
_— R
min__ || Z(mk) (| kl© + |Ck] )
ke{o0,...,N} k=1

This latter corollary shall enable to control the radius of the bubble from below, preventing
from collapse.
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2.3. Proof of Theorem 1. We combine now the computations of the previous section to con-
struct a solution on a time-interval independent of the number N of bubbles. For this, we show
that the following bounds can be continued:

(Ql) doo SNRk < (doo)717 k= la"'vNa
(QQ) doo §N|]:k| S (doo)_la k:: 17"'aN7
(@Q3) p < ps < poc on F(t)

and, introducing a sufficiently large K > 0 :

(Qa) / N0ugl® EN
4 }_Mj B Hg
k=1

@) [ t

We keep the convention here that tildas represent extended stress tensors as constructed in the
previous subsection. We prove that, if K is chosen sufficiently large wrt the list of parameters
(25), then we have such estimates on a time interval (0,7 that depends only on the same list of
parameters (25) (possibly via K).

| Ry |?
<K
Ry -
N
||Ef||§11(9) + ||Eg||fql(9) + ka(\RkF + |5k|2)] ds < K.
k=1

Technically, we apply a continuation argument based on the a prior: assumption that the
solution exists. The precise statement is the following proposition in which we denote (2;);=1,... 5
the estimates corresponding to the above (Q;);=1,. 5 where large inequalities are replaced with
strict inequalities. Tacitly, all constants that are introduced in the following proposition may
depend on the list of parameters (25).

Proposition 10. There exists Koo > 0 such that, for any K > K, there exists Too[K] > 0 for
which the following statement holds: if T < Too[K] and ((ps,uys), (ck, Ri)k=1,....n) is a classical
solution to (6)-(13) on (0,T) satisfying (Q1)-(Qs) then it satisfies also (21)-(Zs).

The proof of Proposition 10 is the content of Appendix A. We explain here how it implies
Theorem 1. For this, given K > 0 we introduce:

T :={T € (0,00) s.t. the unique classical solution exists on (0,7") and satisfies (Q1)—(Q5)}.

Firstly, thanks to the local-in-time existence result, there exists Ty depending on N such that we
have a classical solution on (0, Tp). Indeed, for such a solution the radius Ry, and ¢ are continuous
in time. Since we assume initially (IC4)-(IC3) (resp. (24)) we have that, up to restrict Tp, this
solution satisfies (Q1)-(Q2) (resp. (Q3)) on [0,Tp]. Similarly, we remark that the quantities on
the left-hand side of (Q4)-(Q5) are continuous time-dependent functions of the classical solution.
Since the left-hand side of (Q4) is controlled initially by ||u?c|| mi(q) and parameters involved in
(25) (see the proof of Corollary 5), there exists K sufficiently large depending only on the list of
parameters (25) such that we can enforce (Q4)-(Q5) on [0, Tp] also whatever the value of K > K.

Let fix now K = max(Ky, K ) with K given by Proposition 10 and denote To, = T [K].
By the previous arguments, we have that [0, To] C Z. We show now that [0, 7] C Z which shall
end the proof. By restriction, ZN[0, Ts] is a closed subinterval of [0, T\ ] containing [0, Tp]. Let us
prove that ZN [0, T ] is open (in [0, Tw]). Indeed, assume [0, 7] is a strict subinterval of [0, Two] in
Z, then we can apply Proposition 10 and the solution satisfies (21)-(Z5) on [0, T]. It remains to
show that we can continue the solution beyond [0, T]. The inequalities (21)-(Z5) being strict, the
large inequalities (Q1)-(@5) shall be satisfied on a slightly longer interval by continuity. To extend
the solution, we note that (Q1)-(Q2) (resp. (Q3)) entail ”a minimum distance between” and ”a
minimum radius of” bubbles (resp. strictly positive distance to vacuum) on [0, T]. Inequality (Q4)
also ensures a (uniform) bound from above for ||uz||z1(#) on [0, T]. By Proposition 29 of Appendix
B we have also a uniform bound for ||p¢||z1(#) (up to take T, smaller). We can then apply the
local-in-time existence result with initial data ((pf (1", ), us(1",-)), (cx(T"), Re(T"))k=1,....n) for T"
arbitrary close to T. This yields a solution on some time-interval AT (independent of T”, given the
uniform bound above). By concatenation, we obtain a solution on (0, 7”4+ AT) where T+ AT > T
for a well-chosen T".
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To conclude this section, we mention that the proof above entails that we have the following
corollary to Theorem 1:

Corollary 11. The unique classical solution to (6)-(13) on [0, Two] satisfies the bounds (Q1)-(Q2)
(resp. (Q3)) with ds corresponding to (IC1)-(IC3) (res. p_, pos corresponding to (24)) and
(Q4)-(Qs) with K depending on the list of parameters (25).

3. CONSTRUCTION OF MACROSCOPIC UNKNOWNS

In this section, we detail the construction of the unknowns for the macroscopic model starting
from a sequence of solutions to the microscopic model with increasing number of gas bubbles.
The full justification of the system (1)—(4) is postponed to the next section. From now on, we
fix initial data (p}, p), a’, a}, aj, f9) for the macroscopic model. All these quantities are H*(£2)
functions. We assume further that they fulfill conditions (20)-(21)-(23).

The framework identified in the previous section must be adapted for homogenization purpose.
For instance, given a N-bubble solution the gas unknowns at-hand are a priori the discrete set
of center/radius/mass (ci, Ri, mk)k=1,...,~. From them, we can reconstruct a (functional) density
and a covolume by defining for instance:

N N

1 myg
(45) FN) o= Z 2NRkﬂBk pi) = Z -5 1B,
k=1

However, these reconstructed functions experience O(1) jumps through bubble/fluid interfaces and
might not have sufficient regularity to perform the homogenization process. To gain regularity, we
shall propagate an initial regularity through a well-chosen evolution equation (which extends the
one satisfied by fg(N), pgN) on the By). However, this requires to be able to construct regular initial
covolume and density (with uniform bounds in terms of N). This is obtained with the following

proposition:

Proposition 12. Under the assumption that the initial data fulfill the conditions (20)-(21)-

(N)10 (N)/O
ko)

(23), there exist sequences of initial bubble center/radii ((c k=1,...N)NeN and masses

.....

i) (ICy)-(IC1)-(IC3) are satisfied with Mo, and doo independent of N,

ii) there exist H* () extensions (fg(N)’O, [)E,N)’O) of the associated reconstructed covolumes and

densities such that:
o (fSN0 5EN0Y s bounded in H ()
e for arbitrary B € C1([0,00) x [0,00)) there holds:
BN, N0V Lo 2o — adB(py, f7) in D'(9).
Proof. Up to a localizing argument, we give a proof in the case:
(1= amin) | F2 |l Lo @) < fmin = igffg-

To construct our gas bubble, we note that dg fg is a probability density on 2. Then, we might
construct the associated cumulative distribution function:

R = [ al) .

With assumptions (20)-(21)-(23), this is a C* one-to-one mapping Q — [0, 1] with F}) > amin frmin
on ). We set then:

_ k 1 _ _
(46) & =F 1( ) RY : [fo(eI™" me :=2RpY(c}) fork=1,...,N.

9 \N+1 R aN
Considering the bounds from above and from below for F, we obtain that:
1 1 1 1

= < CO — CO <
N+1 (1 - amln)HngHLW(Q) h ¥ N+1 anLinf?nin
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while

B SRS U B

2N 9l Lo () 2N fmin
In particular

1 N/(N +1) 1
Fl=(2,, —R), )= (S +RY) > — _ - ,
[Pl = (chya k1) — (ck ;) N\ 0=t [ Rl ey S
1 1
= k41 &= N aminfmin
where N/((N 4 1)(1 = ctmin)) 1l (@) — 1/ fmin > 0 by (21) for N large. Finally, we have:
. 70 oo
i 7opmzn S mp, S i ||pg||L (Q) .
N ||fg||L°°(Q) N fmin
Item i) is satisfied.
For item ii), we remark that the reconstructed densities and covolumes read:
al 1 Mom
(N),0 . _ (N),0 . k
fg '_ZQNROHBQ Py '_ZQROHBQ'

k=1 k k=1"""k
We recall that we denote B = (z,,2;) where zi = ¢ + R) (and zf = —1, Ty, =1). At this
point, we note that by item i), we have:

. — . —+ >

pein Tk — Tl 2 o

Consequently, for k = 2,..., N — 1. we can construct a piecewise affine function ¢ wich satisfies

1/)2 =1on B,g, that vanishes in z;,, and xz_l and further away from B,g. Fork=1and k=N
we define similarly 19 and 9%, up to the condition that 1 is constant equal to 1 between —1 and

BY (resp. ¢% is constant equal to 1 between BY and 1). Then, we set:

N N

1 m
(N),0 . 0 ~(N),0 . k 0
fg : ZQNngk‘ Pg : E :2R2wk'

k=1

By standard computations, we have for instance:
Y

IFEN O oy <D WW}EH%%Q)
k=1

1o 1
£0112
fS N; N2|R2‘2 5 Hfg||L°°(Q)

where the first inequality on the second line involves a constant depending on d.,. We also derive

using that ¢, 1 = 1 — 1y on Supp(vy,) N Supp(vy, )

~ N—1 1 1 2
10 702,00 < [—} N
o e S 2 | NRg T NR
Nl R g _
YN[ ane 0.5
k=1 &

In these computations, we use extensively the definitions (46) and also that |BY| and |F}| are both

of size O(1/N). Similar arguments yield that:

||/3(gN)’O||§Jl(Q) S ||,52||§11(Q)-
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Finally, for arbitrary 8 € C*(]0,00) x [0,00)) and ¢ € C2°(Q), we have:

[ B0, F0 1 e = S [ 8ol Bela)ds
Q =1 BO
= 2RB(pg(R), fa(c))p(cR) + O(L/N)[|02] L 2
k=1
al CO f CO
- %Z 5(Pg(_§2;0§( k))sﬁ(ck) + O(1/N)|[0z¢ll L= (0)
k=1 g\"k

At this point, we remark that, by construction, we have that
1 & .
¥ D0 = agfy in P(Q).
k=1
Since t — B(pY(t), f9(t))/fo(t) is continuous on Q we infer that:

hm /5 (N)O N)O) Q\}.(N)otpdﬂﬁ—/ﬁpm ) ggodm.
This concludes the proof. O

(N),O7R§€N),O)k

Below, we pick a sequence of initial bubble distribution (c, —1,..,~ and masses

(m,(i,N))k:Lm’N given by Proposition 12. For any N € N, assuming the fluid initial data is
associated with ﬁ?, u°, we construct initial data for the microscopic system like in (16)-(19). We
have then that the initial data match the assumptions of Theorem 1 and we obtain a solution

() 9 (M) RV

(Pf ke{l,..., N})

that is defined on a time-span [0,7] which does not depend on N. This creates a sequence of
solutions indexed by N whose asymptotic behavior (when N — o00) is analyzed in the remaining
sections.

Firstly, Corollary 11 entails that we have uniform bounds on [0,7] in the form of (75)-(76)
with a right-hand side Fy independent of N, and that (Q1)-(Q5) hold also with a constant K
independent of N. In passing, we point out that all the bounds that are derived in Appendix A
and Appendix B are available since they are obtained under the sole assumptions that initial data
are of the form (16)-(19) and that the bounds (Q;)-(Qs) hold true. Below we denote @N) the
"mixture” velocity-field meaning that

ug’N)’ on FN),
- (N
up(x, S ))+Uf(x2_( ))
(47) a™ = 5
Uf(mf’(N)) — ug(zy (N)) (N)
B - (N) (x—ck), onB, "/, k=1,...,N.
2Ry,
Note that the restriction of @) on the bubbles boils down to
B R(N) N N
(48) aMN (., z) = R(N) (z — C; ) on B}g ).

In what remains of this section, we introduce functions describing the different species and the
mixture and we analyse their possible convergences. Since we use mostly compactness argument
below, all convergence results must be understood ”up to the extraction of a subsequence that we
do not relabel.”
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3.1. Fluid unknowns. In (1), the fluid behavior is encoded through its ”volumic fraction” &y
and its density py. We recover such quantities from microscopic counterparts. We start with the
following construction of the volumic fraction:

Proposition 13. Let (V) = 1rvy. It satisfies

{atXUV) +aMaxN) =0, on (0,T) x Q,

49
( ) X(N) (O, ) = 1]_-(1\1),0.

Moreover, there exists ay € L ((0,T) x Q), called the volumic fraction of the fluid, such that, up
to the extraction of a subsequence,

(50) X(N) —ay i L>(0,T) x Q) —w* and 0<ay<1-— Qdi/?) a.e.

Proof. Since the fluid domain F(V) is transported by the velocity field @), (49) holds. The
convergence result is straightforward since the sequence x(N) is nonnegative and bounded in
L>((0,T) x Q). The limit is obviosuly positive. The only crucial information is the bound
from above. For this, we remark that under (Q1)-(Q2), any sequence of two bubble+fluid in-
tervals has at most length 3/(dwoN). Hence, for large N, any segment in Q of length ¢ contains
at least /Nd /3 — 2 such sequences in which the volumic proportion of gas-bubbles is at least
20d?. /3 + O(1/N). The fluid part of this segment is then asymptotically less than £(1 — 2d2_/3).

O

We point out that a strictly bound from below for &; is also true with similar arguments.
We dot not state this bound here since it will not help in the sequel. For constructing the
macroscopic density, we choose to extend at first the microscopic density by ”filling” the bubbles
in a sufficiently smooth manner. To this end, we take advantage of the fact that p(} is initially

defined (and sufficiently regular) on the whole €. So, we introduce ﬁch) as the unique solution to:
=(N)
~ . ~ Py (s ~(N)
0" + 50,5 =~ (2 10, () . on (0.7) x 2
(51) ! d pr N7 d
M0, = 5, on ©,

where E;N) is defined from Xy by (35).

Proposition 14. There exists a time Ty < T, independent of N, such that the Cauchy problem
(51) admits a unique solution ﬁ}N) € C([0,Tp) x Q).

Moreover, there exists pr € L*((0,Ty) x Q) called the density of the fluid such that, up to the
extraction of a subsequence,

ﬁch) — py in L*((0,Tp) x Q)  when N — +o0.

Proof. The well-posedness of the Cauchy problem (51) is guaranteed by the method of character-
istics, since @Y) belongs to L2((0,T); WH>=(1)).
The result of convergence is an application of the Aubin—Lions lemma. One has to check that:
o (7)) n bounded in L?((0,T); H' (1)),
~(N .

D (8,5,05, ))N bounded in L2((0,T); L?(£2)).
For the first item, we apply Proposition 29 in Appendix B which yields that, up to restrict to
some time-interval [0, Tp] C [0, T'] we have that ﬁch) satisfies a uniform bound in L>((0,7); H(£2)).
As for the second item, using directly Equation (51), a uniform estimate can be obtained:

~(N ~ ~(N
1005 L z2(0.9x) < Co 1N w0 ryeern @) 19255l e o.1:22 )

17 o (o) 22
+
1253

~(N (N
(||Egc )HL?((O,T);Hl(Q)) + ﬁ”ﬂﬁr )H’LY,OO((O,T)XQ)) ]’
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where Cj depends only on the parameters of the problem independent of N. Here again, the
right-hand side is uniformly bounded with respect to N, so that the Aubin—Lions lemma can be
applied to deduce the existence of the limit p; stated in the proposition. U

To illustrate again that our choice for ﬁ(fN) is rigorously adapted, we mention that, on the fluid

domain F)| the definition of the fluid tensor (8) gives
1
- (E(N) +pf(p<1v>)) = 9,ul.

Moreover, ugpN) and @) coincide on FV) | and the density pgc ) is also solution of

Op ~(N) + 0, (pgpN)u(N)) =0, on (0,T)x FN,

(52) o
#M(0,.) = .
As a consequence, the fluid density pch) on the fluid domain FV) is the restriction of the global
microscopic density ﬁScN):
(53) pScN) = ﬁch)7 on (0,T) x FN)

3.2. Mixture unknowns. We proceed with the construction of unknowns that are involved in
composite equations: a mixture velocity, a mixture density and a mixture stress tensor.

The mixture velocity is deduced from the reconstructed velocity @"V) defined by (47):
Proposition 15. There exists u € L?((0,T); L*(Q)) such that, up to the extraction of a subse-

quence,
@) = @ in Lz((O,T);Lz(Q)) when N — +00.

Proof. This result is an application of the Aubin-Lions lemma again. From (75) and (76), the se-
quence (@(M)) is bounded in L2((0,T); H*(R2)). It remains to prove a uniform bound for (9;a™))y
in L2((0,T); L*(Q)). By (7) and (48), the time derivative of the velocity reads:

(N)g , (N)
—uy  Opuy —Wa E on F,
a,a™) = . Ps .
Ry R — (R R
*w(x‘c’“) — et on By,

(note that some exponents (V) have been removed to lighten the notations). Since the velocity
@) is continuous through the interfaces cj + Ry, one has, in D'((0,T) x ),

~(N) _ (N) (N) (N)

We now take the L? norm:

||8tﬁ(N)||%2(Q) < ||ﬂ(N)||2Loo(Q)||5za(N)H%2(Q) + |0z E ||L2

B |2'

N .
+ZZ |:Rk(ék)2 +Rk(jjbk)2 + (Izﬂk) + (CkRR;k)Z:|

k=1

. 1 (N
< Cla™ 4 g + PG 15120 g
P

1 N N
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by (ICp) and (Q1). Time-integrals of the two first terms on the right-hand side are bounded by
(Q4) and (Q5) respectively. The third is controlled using (Q5). Moreover, by (ICy), (Q1), and
then by (75), the last term can be bounded this way:

T N S5 \2 )
/O Z%((Rk)u(ém)dt

< ! /T max (Rk)z S ((R )2-1- (¢ )2)dt
= dooMo Jo 1N R2 kzzlm’“ BT

2F, T 2:)2
< 0 () dt.

max
= dwoMy Jo k=loN R2

The last right-hand side is finally bounded by using Lemma 27. This concludes the proof of the
assumptions of the Aubin—Lions lemma, leading to the convergence of the sequence (fL(N )) N in

L2((0,T); L2(9). O
We focus now on the mixture density. For this, we construct the global density p(™):
N
(54) PN = oMz + 3 o1,
k=1
where p,gN) = m,(cN) / (QR,(CN)) is the bubble density that we reconstruct from the bubble mass and

radius. Notice that the global density p(™) belongs to L>((0,T) x ), and satisfies a classical
mass conservation law (the proof is left to the reader):

(55) 9ep™ + 8,(pMa™)y = 0, in (0,T) x Q.

To conclude, we address the asymptotic behavior of extended stresses. This is the content of
the following proposition:

Proposition 16. There exist X and X, in L?((0,T); H'(Q)) such that, up to the extraction of
a subsequence,

E(N) — Sf

~f 7 in L2((0,T); HY(Q)) when N — 4oc.

g g

Proof. The estimate (Qs5) ensures that the sequences E;N) and igN) are both bounded in the
space L2((0,T); H'(2)). Hence they are relatively compact in L2((0,T); H'(€2)) endowed with
the weak topology, and the result follows. O

3.3. Bubble unknowns. We mention first that the indicator of the bubble domains reads 1 —
x™). Similarly to Proposition 13 we obtain that it converges weakly to some &g satisfying also
0 <ay <1a.e.. Since 1 = a4 + @y, Proposition 13 entails further that o, > 2dgo/3.

For our analysis, we need a sufficiently strong (pointwise) convergence of bubble density péN)
and covolume f;N) as defined in (45). Yet, these quantities are defined only partially on sub-
sets depending on N. To overcome this difficulty, we note that both quantities satisfy the same
continuity equation:

(56)

o™ 4 8, (oM M)
{ Py oy @) in D'((0,7) x Q).

O™ + 0, (SN ANy = o,
We used here in particular that m,(CN) is time-independent and that the bubbles follow the flow
associated with the extended velocity. We propose then to reproduce the same method we used
in the case of fluid unknowns (see Proposition 14). We remark that, on By, there holds:

Kk

. L (v
(57) d,uM) = —niM) 4 :
g ¥ R,(CN)
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We recall that, on the right-hand side, the first term is the restriction to By of the extended stress
tensor E_E,N). As for the last term, we wish to extract the contribution of the pressure and the
contribution of the surface tension for modelling reason (even though keeping the current form

would not change the remark in progress). So we rewrite:

Kk _ (p(zv)) Vs
RN TR T o NR(Y
Here, the second term could be related artificially to a density, but it is usually related to a

”covolume” and is treated independently. Actually, this is the reason motivating the introduction

of the unknown f ). We use now this novel writing of the term 0,a(N) to see that (p (N), éN))

the restriction of a pair (ﬁéN), g( )) solution to:

PgN) @™ (N) 1 Pg ) (N ~(N F(N
8) o o ) F 0. f(N) T g \ W) (Eg P4 pa (7)) + 31 ))’On 0,7) < .
g 9 g

We can then use the stability properties of this latter equation to yield the following proposition:
Proposition 17. There exists a time Ty < T (independent of N ) and sequences (pg ,f )
C([0, To); HY(Q)) satisfying the following properties:
e there holds p!(]N) = ﬁE,N) and fg(N) = f;SN) on By forallk=1,... N,
o there exists (pg, fy) € L*((0,Tp) x Q)% such that, up to the extraction of a subsequence,
(Pg ) f(N)) — (pg, fy) in L*((0,Tp) x Q)  when N — +oo.

Proof. We recall that the initial bubble distribution (c, (N) R(N)) N is obtained by applying
Proposition 12 so that they are assomated with a sequence of initial den51ty/ covolume ,O_E;N) 7 gN) *

which extend initially pg and fg and that converge weakly in H'()). Hence, we complement
(58) with initial condition
(59) Py (0.) = pf0 f00,) = £ on Q.

The result is then proved following exactly the same steps as in the proof of Proposition 14, since
(Qs) involves similar controls on Z ) and E N, O

3.4. Two technical lemmas. We close this section by providing two crucial results which allow
to pass to the limit in some nonlinear terms. The procedure we apply here is similar to the
construction in [2].

Let b € C*(]0,1] x RT x R*) and consider the sequence
(60) b(N)(t,as) = b(X(N)(t7x),p(N)(t,x)7fg(N)(tm)), Y(t,z) € (0,T) x Q,
where p(™) is defined by (54) and féN) by (45).
Proposition 18. There exists b € L>=((0,T) x ) such that, up to a subsequence,
N b, in L=((0,T) x Q) — w* when N — +oo0.
This limit verifies the following identity, for almost every (t,z) € (0,T) x Q,
(61) b="b(L, s, 0)ay + b(0, by, fy)ay.
Proof. By definition, we have:

BN = (1, 7 >X<N>+b(o,ﬁgN>,ff;N>)<1—x<N>>

The strong convergence of ﬁSCN) (resp. pq ) and fq ) see Proposition 14 (resp. Proposition 17)

and the weak convergence of () (Proposition 13)_ensure that the first term converges weakly
towards b(1, pr,0)as and the second one to b(0, pg, fy)ag. O

In the following result, the term (V) denotes either E}N) or f]gN).
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Proposition 19. Assume that ©N) converges weakly in L*((0,T); H'(Q)), and denote by % its
limit. Then for all b € C'([0,1] x Rt x RT), it holds

SMpN) < 5h in D'((0,T) x Q) when N — 400.

Proof. This result is a variant of so-called ”compensated compactness” lemma. We can reproduce
here the proof of [5, Lemma 10] up to adapt the definition of the operator d;! on mean free
functions.

O

4. DERIVATION OF A MACROSCOPIC MODEL

Thanks to the results of the previous section, we are now in position to address the limit
N — +oo for the microscopic model (6)—(13). Based on the previous definitions of macroscopic
unknowns, we derive successively the various equations of (1). This is the content of the following
theorem.

Theorem 20. Let py,ay,ay, pg,u be as constructed in the previous section. Then, we have that
(&f,pr, g, Py, fg,T) is a solution to (1)-(2)-(3)-(4) on (0,T) with initial condition on §2:

ar(0,-) = ay ay(0,-) = ay
pr(0,-) = p} agpg(0,-) = agpy
a(0,-) = a° ayfe(0,-) = ajfy

What remains of this section is devoted to the proof of this theorem. Our first result provides
the limit equation for the limit b associated with an abstract choice of b.

Proposition 21. Let b € C'([0,1] x RT x RT) and define

bi,s(2,&,v) = (02b(2,&,v)§ + 03b(2, &, v)v = b(2,&,v))z,

b1,g(2,&,v) = (02b(2, €, V) + Osb(2, &, v)v — b(2,&,v))(1 — 2),

ba,7(2,&,v) = (02b(2, &, V) + 03b(z, §, v)v = b(2,€, ) 2p (£),

ba,g(2,€,v) = (02b(2, €, V)¢ + O5b(2, &, v)v — b(2,&,v)) (1 = 2)(pg(§) + sv)-

Then, the limit b defined in Proposition 18 satisfies the equation
_ _ 1 - _ 1 - -
Ob + 0, (ub) + o (b1, + o) + o (01,959 +b2g) =0
! 9
b(0,-) = a%b(1,p%,0) + adb(0, 50, f2)
Proof. Let us compute for arbitrary N € N
aeb(x ™, p ™) f) = 916N 9 x N + 8,6 9, p M) + 956N, )
= —0,bMaM g, M) — 96N g, (oM gy — 83b(N)6$(fg(N)d(N))
by (49), (55) and (56). As a result, we obtain:

(62)

(63)  9b(x™), pN )féN))+3 (b(x™N), ptV), f(N))~(N))
+ (92b(x (N) | p(N) f(N)) (V) 4 95b(x M), pV) f )f_éN)
- b(X(N)7 p(N)7 f;gN)))amﬁ(N) = 07

in D'((0,T) x Q). In this equation, due to the weak convergence of (™) and the strong convergence
of ﬂ;N), respectively stated in Propositions 18 and 15, it holds that:

ot in D'((0.7) x ©)
_ in , x §2).
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Then, we rewrite:

Aub(x ™), o), fN)p ™) 4 Dsb(x N, oM, V) N — b))

1 N)&(N N 1 N)< N
=L s o))+ L (5 ).
Ky Hg

The weak convergence stated in Proposition 19 allows to pass to the limit the right-hand side,
leading to

Bab(x ™), pV), fg(N))p(N) + 93b(x ™, pV), féN))fg(N) - b(N)axug»N)
1 - - - 1 - - -
N - (b1,yS5 4+ bay) + e (b1,¢5g + bag) ,

where the terms Bl,f, l_)l,g, I_JQJ, and 52757 are defined as in Proposition 18. This provides Equation
(62) for b.
Finally, we have initially
b0, ) = XN 0b(1, 7, 0) + (1= X0, 50, F0)
and we are in position to apply Proposition 12 to pass to the limit in this identity when N — oco. [

Let us recall that the link between the limit b and the function b is provided in Proposition 18.
According to the choice of b, different relevant macroscopic equations can be obtained.

Corollary 22. The volumic fractions satisfy the following equations
_ N ay o _ _ 0
Oray + Oy (aru) = —= (X5 +ps(ps)), ar(0,-) =a
(64) f f 1 ( f I\Pr ) f f
af+ag = 1
The covolume unkwnown fg satisfies the conservation equation:
at(dgfg) +8I(C_“9fgﬂ) :07 a (07')f_9(07') :072]?3
The mass conservation laws of both phases read
(65) dy(appy) + 0u(agppu) =0, az(0,)ps(0,-) = aypy
(66) 8t(agﬁg) + 8,;(64959@) = Ov ag(oa )ﬁg(o7 ) = 07252
Proof. By Proposition 21, it suffices to compute the different terms of Equation (62). In the first
case, we consider b(z,&,v) = z. It yields b = &y and
bl’f(Lr) =-1, b1,9(17r) =0, b2,f(17T) = —pf(’l“), bQ’g(Lr) =0,
b17f(0,’l“) = 0, bl,g(O,r) = 0, bg,f(O,T) = O7 b27g(0, ’I“) =0.
Computing the associated limits, one recovers the first equation of (64). The second equation
is true by construction. The equation on f, is obtained in the same way, taking b(z,&,v) = v.

Finally the phasic mass conservation laws are derived using b(z,§,v) = 2§ and b(z,&,v) = (1 —2)¢
respectively. O

4.1. Momentum equation and closure laws. We proceed with the derivation of the momen-
tum equation.

Proposition 23. Let p = ayps + agpg be the misture density. The mizture momentum equation
reads

(67) De(pn) + 02 (pti®) = Oy (Ap Sy + aigSy),
with
[e% - ay re _
(68) 0uti = L[Sy +r(p)] + =2 [y + py(g) +FsTs] -
1273 Hg
and

(69) Sy =35,
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Proof. Let us consider the momentum equation in the fluid domain and multiply it by a test
function w € C°((0,T) x Q). It yields

T T
N) (N N)| (N N
/ / (at(p} )ui‘- ))+6m(p§c )|u§¢ )|2))wdxdt:/ / BIEE‘» Jwdzdt.
0 FIN)(t) 0 F@I)(t)

Since the fluid domain F®V)(t) is transported with the velocity uch), an integration by part in

time of the left-hand side gives

T
/0 /F(N>()(8t(p§cN)u§cN))+8x( |“f I))wdxdt
t
T o .
7/ / p(f )“Sf )(5tw+u§c )9, w)dadt.
0 FIN)(t)

The right-hand side is handled by an integration by part in space. Reorganising the boundary
terms yields (we omit time dependencies for simplicity):

T
/ / (“)IES[N)wdxdt / o )w(z)) — E}N) (x )w(zy ))dt
0 JFW)(t) 0
- / / 29, wdadt.
o Jrmw
We now focus on the boundary terms. For £k =1,..., N, one has

SN @hw(l) — S @) w(y) = @8 @) - 20 @))w(er)
+ (=M @) + 2™ (@) Rrdow(er)
+ OIS Lo (@ RE|w c2).

From the bubbles equations (11) and (12), one deduces
_ _ .. mp 5
E}N) (xﬁ)w(x;) — EE[N) (xk )w(xk ) = mkckw(t7 Ck) + (%Rk + 22k> Rkazw(t, Ck)
N
+ OIS oo BR w0l c2).

The term involving the stress tensor can be rewritten as follows
25 Ry (t, i) :/ Mo, wdz + ([N | o oy Bl c2).
By,

Therefore, one has

/0 S e utet) - S e ol

k=1

/ Z (mkckw(t cr) + —RkRka w(t, ck) —|—/ E;N)Bmwdm
(-

By

N
O ey + ||2§N>||Lw<m>Rinw|c2>)dt
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An integration by part in time gives

/O wh)w(at) - SN (@ w(ar )t

k=1
1. 1.
ka |ck| O w(t, c) + §|Rk| Oz w(t, c) + ngchké)mw(t,ck) dt
0

k=1
T N

/ ka (Ckatw(t Ck) + 3RkRk8ﬂw(t Ck)> dt
0

k=1

T
—/ / EgN)amwdxdt
0o Jo\Fm T
N

N
O (I oy o + 15 ooy W T ol Y- 7
k=1
1 .
/ ka (|ck| Opw(t, cx) + §|Rk|28$w(t,ck) —&-c'k@tw(t,ck))dt

— / / EgN )9, wdzdt
o JonFmm

N _
+0<<|2<f s omya @ + 15 ey s VT e (o N)

+ (MoN) ™2 ||w||CzT\/E0).

where we applied (ICp) and (75) with (Q1) to yield the last term in the last inequality. On the
bubble By, it holds

/ pra™) (9w + 1™ 9, w)dx
By

= M ~(N)aw—&—u(N)Bw T
/Bk T )

. . 1 .
= mycrOiw(ck) + mk(|ck|2 + §|Rk|2)8ﬁw(ck)
+o(mk||w|cz<1 el + 1 Rel) (e + |Rk>|Rk|).

Gathering the fluid and gas expressions yields

T
—/ /p(N)ﬁ(N)(atw+ﬁ(N)8mw)dxdt
0 Q
T ~ ~
_/ /(X<N>2§N> + (1= XM)EM) g, wdadt + O(NV2).
0 Q ’

Using the strong convergence of %) and the weak convergence of pV), obtained by Proposition
18 with b(z,&,v) = &, the left-hand side tends to

T
—/ /ﬁﬂ(@thra@xw)da:dt.
0 Q

The limit of the right-hand side is deduced from Proposition 19. One ends up with the desired
momentum equation (67).

It remains to close the system by determining relations between the tensors & ¢ and f)g and the
other quantities. To do so, we prove that & ¢ and i)g are solutions of a 2 x 2 system.
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First observe that

N) |5 (o) - (N N
Dy u™) = )LM+(1,X<N>)E§ ' y(p") +Fy2
My Hg

The different results of convergence given in Section 3, especially Proposition 19, allow to pass to
the limit in both sides of the equation. In particular, in the right-hand side, the definition of the
surface tension yields

N
f)/ o~ R
(1— (N) Z = vsféN)(l — XMy =~ A8, f,

Eventually, it holds

Oz = [Ef +pf(Pf)} + %[Sg +pg(ﬁg) +'75fg]~
Ky Kg

The second equation is obtained while studying the difference ¥ ;= 2_39. Using the definition (35)
of the extended tensor ¥ and the Newton laws (11) and (12) for the bubbles, it holds

s _ Bylzy) + Sp(a)  Eplay) = Sp(zy) (c— ™)

T 2 2R
MgCr
— by — k).
Rk—|— k—|— 2R, (z — ck)
Since f]E(,N) = > on the bubbles domain By, one has
N P
~ (N N
- ONEY - 5 =3 (B P o )
k=1

Proposition 19 applies to the left-hand side:
(N = - -
(1= xM)EF = 80V) = (1 —ap)(8y — ),

in the sense of distributions. The right-hand side can be proved to tend to zero in L?((0,T) x 2))
since

N M 2 | N ) 2
> ( R+ - SRy (z— C}c)) 1p, < H2 > mi (|Rk\ + |Ck|) 1p,
k=1 L2 () k=1 L2 ()
< Z mk (1B ]? + |éx[*)da
< S b+ )
~ N2doo My —
2K
< —_
= N2d M’
thanks to (ICy), (Q1) and (Qs5). Recalling the second part of (50), one recovers (69). O

5. AN ALTERNATIVE DESCRIPTION OF THE BUBBLE DYNAMICS

In order to describe the dynamics of the bubbles, an alternative approach is to introduce the
distribution function in position and (scaled) radius

N
1
N
(70) St( ) _ N Zéck(t)sNRk(t)7
k=1

which is a measure on 2 x (0,00). According to (Q1), one has

supp(S™M) € Q x [doo, 1/dos], VYt € (0,T).
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Proposition 24. For all 3 € C(Q x [deo, 1/dx]), the distribution function StFN) satisfies
1

(S (BN (@) + pg ()7 +75/2)0,.8) = 0.

(1) 9S™, B) — (55, a ™) (2)0,8) — -
g

Moreover, the sequence of applications t §t(N) is compact in C([0,T];P(Q X [doo, 1/ds])). As
a consequence, there exists Sg € C([0,T]; P(2 X [doo, 1/dwc])) such that, up to the extraction of a
subsequence,

(8™, 8) = (84, 8), in C([0,T)),
for any B € C(Q X [doo, 1/dso])-

Proof. Let us first prove that, for any 8 € C1(Q X [dso, 1/dso)), the sequence BN : ¢ — <S’t(N),ﬁ>
is uniformly equicontinuous. The definition of 3(V) and (70) enable to write

NZB cx(t), NRy(t)-

For legibility, we drop the exponent (N) in ¢, and Ry here and in what remains of the proof.
By construction, ¢, and Ry belong to H?(0,T) and thus are in C*([0,T7]). It follows that (V)
C1([0,TY]), and

N
%B(N)(t) = 3" (é0uB(er NRy) + N1, B(er, NRy)

NS
(72) N
1 & _(N) Ry,
:NZ Uy (Ck)azﬁ(ck,NRk)+ENRk37-ﬂ(Ck,NRk) :
k=1

Recall that, by Corollary 3, @) is bounded in L((0,T); H'(2)) and then in L2((0,T); C(%)).

d
Moreover (Q1) ensures that NRj is bounded by ds. From Lemma 27, &B(N) is bounded in
L?(0,T). Thus SN is bounded in H 1(0,T) and then uniformly equicontinuous. The compactness
result and the existence of S, is then straightforward.
It remains to check that St(N) verifies equation (70). This comes directly from (72) where the

term Ry /Ry, is replaced using (13):

Rk 1 L s 1

Y _ ) Is

= (Zafa) a0 + 5 )

Hg

O

Actually, the dependence of the measures S”g,t with respect to the space variable x can be
precised:

Proposition 25. For any 8 € C®(R"), there exists 515 € L((0,T); L™(Q)) such that, for all
O C((0,T) x Q) and allt € (0,T),

(73) (S ®(t,) ® B) = /Q St 2)D(t, 2)da.

In other words, we have:

Sg(t,-) = B(r)Syi(-,dr) € L>=((0,T) x ).
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Proof. Let € C*(RT) and ¢ € C°((0,T) x ). One has for every t € (0,T)

N

(S5, o(t,) © B) = ZB(NRk( )o(t, cx(t))

22\

Z/ INEL B(NRy)$(t, x)dx

—Z /B s PVRO(O(8,2) = 6(t,cx).

The second term of the right-hand side can be bounded by
(kZI{l?%NRk) 18I L2 (doo 1/dc)) 02Nl Lo (0,7 L% (2))
and then tends to 0 when N — +o0o (see (Q1)). The first term can be written as
N
/Q S (t, 2)(t, 2)dz
with

N
SN (ta) = 3 s BN R ()L, ) (2)

which provides a bounded sequence in L>((0,T) x Q), by (Q1). Therefore, there exists S5 €
L>((0,T) x Q) such that, up to the extraction of a subsequence,

SéN) — Sg, in L>®((0,7) x ) — w* when N — +oc.
Then, letting N — oo in the previous equality yields (73). O

We obtain then the following limiting equation for S'g,t :

Proposition 26. The limit S’gyt defined in Proposition 24 satisfies the equation

(74) DuSys + 0 (Sg41) + 00 (1(Sg + Dg(Bg)) + 70/2)8y1) = 0.

Hg

Proof. To obtain a time-evolution PDE for S, ;, we go back to Equation (71) with a tensorised
test function B(x,r) = B.(z)5,-(r), which writes

3™, By = (5N aN) (2) 8, @ B,)
(5,50 ()8, @ B)

Hg

L v
+ —(S; Tpg( NB. ® BL)
Hg

’75 (N) /
+ (S, 7, B ® By)-

e (S8 @ )

The first term of the right-hand side can be dealt using the strong convergence of (7¥))y in
L%((0,T), L?(Q)). Since it is bounded in L?((0,T), H'(Q)), the sequence (#"))x converges also
in L2((0,7),C(2)) by interpolation. The weak convergence of (St(N))N in C([0,T],P(Q x RT))
together with this strong convergence gives

(SMN) Gl @ B,) —» (8,4, L @ By).
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Since %, is uniformly bounded in L2((0,T), H'(Q)) C L?((0,T),C%'/2(Q)), the second term

writes

N
(SN rEM ()8, 0 B1) = = 3 S (c) N Ry B () BL(N Ry

S(N N
S (2) B ()b ™) (2)da +
where (V) is defined by Equation (60), with

b(la'a') :0’ b(oa'ay) :ﬂ;(l/(QV))

N
k=1
) 1§:/ B () B (Ve 1+ Sl e
= ' VN
-3, oI ey
2 Q

VN

Indeed, this provides

B;(l/(sz)) in Bg.

Using successively Propositions 19, 18 and 25, we obtain

(SN 1M (2)8, ® L) —>/ 2)Ba(z)dz

o
:5/29(:5) b(1, 5y, 0)cs
Q

T /R+ (2r)6(0, py, 1/(2T))Sg,t(d7'):| Bz (x)dx
1o T o

D) /Q Xg(x) _/R+ (27")5r(7“)59,t(d7“)} B (x)dx
= <gg,t7 Tigﬁm & ﬂi)

For the third term, we proceed similarly, defining

b(1,+-) =0, b(0,&,v) =pye()B.(1/(2v)),

so that
(S5, 1Dy (BN) B @ BLY — (S0, 7Dy (Py) B ® BL).

The convergence of the last term is nothing else but the convergence of St( ). O

Observe that oy fg and &, are respectively the zeroth and first moments of 5'g. Their PDE’s,
see Corollary 22, can be deduced from the Equation (74).
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APPENDIX A. PROOF OF PROPOSITION 10

In the whole section, we consider T' > 0 and (py, uy, (cky Ri)k=1,.. ) is classical solution to
(6)-(13) on (0,T), satisfying (Q1)-(@s)-

To start with, we recall that Corollary 3 applies. With (Q1), these estimates yield:

uy|? 1Y _ 1.
(75) (™45 aton) a5 3 melen? + 31uP)
k=1
N
— Y ki In(de NRy) < Ey,
k=1

dt S E(h

(76) /T (/u8u|2dm+,u iRkF>
0 F 7 gkzl Ry,

with a constant Ey depending only on the list of parameters (25).

Strict version (2;) of (Q1). Since |a| — |b] < |a — b and (a? + B2 +4*)V/2 < a + (6% +12)'/?
as soon as the «, f and ~ are nonnegative, it follows from Corollary 9, (ICp) and the bounds (Q1)
on Ry, (Q2) on |Fi| that

: N 1/2
Rk 1 1 Cl ~ Cl 1 9B 12 -
- —— + — || = B 7
and then:
Re| 1 1 C c . 1/2
I + gl ey + m(Bel? + lal?))
: Ry fg Mool pig " * e g \ Mocdoo ; o

The last term can be bounded by /Ko, according to (Qs5). Integrating on the time interval (0,¢),
t < T, it yields
t
/

Considering a smaller time 7', only depending on (g, dos, Mo, Cp and K, it holds
t
/

0
% < e V2R) < Ry, < 'R} < 2RY).

@
Ry,

Cy 1
T+ —(1+ — |VKT.
a MgMoodoo Kg ( Moodoo>

1
9’

By

—|dt <
Ry,

which gives

Finally the Assumption (/Cy) on the initial radii leads to the desired estimate (21). We note in
passing that we obtained the following lemma;:

Lemma 27. There exists a constant K depending on tg, oo, Mo, Co and K, such that:

T
max
o \k=L...N

The proof of this lemma is a straightforward application of (77) and is left to the reader.

Ry (t)
Ry, (t)

2
) dt< K.
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Strict version (23) of (Q2). First, we remark that we can also adapt the previous proof to
yield the following lemma:

Lemma 28. There exists a constant C', depending only on K and the list of parameters (25),
such that, for T < 1, there holds

T
/n@whwﬂaSCVT
0

Proof. We use the L> bound on d,uy, see (41), and the bound (Q3) on the density ps. It holds,
by integrating on (0,7,

T c (T
/|@WMMH&§;/)MNWQM+T max  ps(r).
0 0

f P /2Sr<2p
Inequality (Q5) on the stress tensor leads to
T C \/7
Ot poo(mydt < —VTK +T ma; r),
/0 19stas e 7yt < fif b /29752500 p(r)

which gives the expected bound for T" < 1. O

The continuity of the velocities (10) implies then that

d, _ _
&(karl — .Z‘Z_) = u(xkﬂ) — u(xz')

< ||Optuf]l oo (1) [Ty — T |-
From Lemma 28, we can choose T small (depending only on C’) such that there holds:

]:O
Pl imy<am)

on (0,T), which leads to the desired estimate.

Strict version (23) of (Q3). Since the fluid density p; satisfies a continuity equation associated
with the velocity uy on the fluid domains Fj which are transported by the same velocity field uy,
a classical estimate on (0,7") provides

zeFO

T
(78) (min p(}) X exp (/0 ||8muf||Loo(}-)dt>

TEF

T
< pyp(t,x) < (max p}) x exp (/ ||axuf||L°°(}')dt>7
0

Lemma 28 allows to bound the exponential terms in (78) for small time. Namely, for T' small
(depending on C") it holds, on [0, 7],

(t,x) € }min 8,2 max p%
Pris 2 aero PH 2 0EF T )

Then the assumption (24) on the initial fluid density allows to deduce a strict version of estimate

(Q3).
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Strict version (24) of (Q4). Applying (34), we obtain:

Oy r|? N R I2
[ 2 £

(0,77

T
+/ (/ pf‘anf+Uf8 Uf| d:E+ka |Ck|2+|Rk| ))
0

k=1

N .
| Ry | /
<sup ||2 ke—— | + | prlps)|Ozus|de
[OT] K ; "Ry i £(pg)|0zug
3
| Re|?
+u + By,
A — ( R2 g RQ 1

with a constant 4 depending only on the list of parameters (25). To proceed, we detail now the
controls of the five remaining terms on the right-hand side.

Concerning the first line in the right-hand side, the first term can be rewritten with (ICp):

STLAPR oy BTN
“Ri = Mo = \VR:NVER; )’

k=0

The Cauchy—Schwarz inequality gives then

Selit i () (S

The first parenthesis can be bounded by K using (Q4) and the second one by 1/+/d, thanks to
(Q1) so that

(79)

H|Rk 1 VK
Z 00\/7\/7

The control of the second pressure term relies on (Q3)-(Q4) and a Cauchy-Schwarz inequality :

V2 (/ R )1/2
Orpurldr < =1 dx max \/5
/fpf(Pf)l 7l N R o nax Py
2
80 < — max VK.
(50 VA pr/z,sz]pf 1

As for the term on the second line in the right-hand side of (34), we decompose as follows

Opus|? Opus|? T
/ / | f‘ dz < (sup/ Nf7| 2f| ) (/ ”aacuf”L”(f))’
0 [0,71JF 0

where the first term can be bounded by K according to (Q4). The second one is bounded using
Lemma 28. It follows that

T 3
(81) / / Mfde < C'VTK.
0 F 2

We now turn to the first term on the third line. Applying a standard L>® — L! Holder inequality
allows to bound this term by

T N

| Ry.|? 1
kg S N R
(O —t k ocoltg kE{l N} k

\Rk|2
D%
L~ (0,T)
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The L* norm can be handled by the bound (Q;) and the integral term by (76). It follows that

\2 Ey
82 / JE
( ) 0 wﬂgdoo

It remains to bound the second term on the third line. In this respect, we decompose the nonlinear
term

| Ry |? _ |Ri| |Ry|>/? | Ri|'/?

2 3/4 1/4
R B R)* R,

and apply a L™ — L*/3 — L* Holder inequality to yield:

N 3 2 /4
Z |Rk| ax | Re| |Rk| |Rk|
— ke{l, LN} Ry

Integrating over (0,7') we obtain again with a L? — L* — L* Hélder inequality that:

[ FES) ()

k=1 k=1
Corollary 9 and inequality (@Q1) allow to control the first term on the right-hand side. Indeed,

.2
| R |
ke{1,..,.N} Ry

ma | Ry < 1 vo (1502 +;§:m U 4+ ) 1/2
gke{l,..}.(,N} R, ~— Mydy 1 FllEY(Q) Modoo =1 R k .

I

Taking the L?2-norm in time and applying a triangular inequality and (Qs) provides

1 1 1
< — (VT—r K(1 :
" Hg <\FMoodoo +Cl\/ ( i Moodoo))

As the second term is concerned, it holds

1/4 3/4
TN po2f N op 2
| Ry 1/4 | B |

E —_— <T su E ,
/0 = B - n Ry,

(0,7 =1
which can be handled thanks to (Q4), leading to

1/2

. 2
| Ry

1/4

N 3/4
< T4 (K) / .
< m

Now the bound (76) gives

To sum up, it finally yields

|Rk| L 1/a p3/4 01/4 1 1
83 < STYARSMEY® (VT Ciy /K (1 :
(83) /0 = 2 0 Modo + 1 T Md

k=1
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Plugging (79)-(80)-(81)-(82)-(83) into (34), it yields

10zus|? |R2
sup dx +
wﬂ</‘ §3g

VK 1
<2 rvK
- (M Vg loo \/ fle, /22poo ps(r)
2

Moo prgdoe

9 1 1
ZpyARS/ARA /T O K (1 E;.
T 0 Mood T )) T

g

+C'VTK +

If one considers K > 1 and T' < 1, defining
1 1

Ci2<M \/T \/—[p /22)000 f(r)>a

2 il 1 1
'~ “F 1
= 2% (Moodoﬁc1 +Moodoo>’

the previous inequality writes

a’r 2 N R2 E
<%>mm<L:“?'M+§j%Bf>gcw%+<J+cw@K+Tu%w%g+&.
k=1

[0,7] Moo,ugdoo
Introduce A € (0,1/2) to be fixed later on and set:
4|Cy? 1 E E
Ky = 1l =04 L
A2 Mooprgdoo 2A 1 —2X

When K > K, the sum of the two first terms on the right-hand side of (85) are bounded by AK.
Now taking 7" small enough, for instance

T = min{(A/2/C’])%, (MK*/2C3) ™" /2)*},

the sum of the third and fourth term can be bounded by AK as well. Finally, the right-hand side
is bounded according to

bup(/ |8uf‘ dx —|—Z g|Rk|><E + 2 \K < K

[0,T]

since A < 1/2 and C7 > 0.

Strict version (25) of (Q5). In order to prove this estimate, we can adjust with the parameter
A. First, thanks to Proposition 6 and to the bounds (@) and (ICy), there exists C' > 0, depending
in particular on M., and d.,, such that

T T
(6) AH&%WWS%A

155130 )

2 2|Rk|
+mem+M|+Z( + o)

The second term of the right-hand side can be bounded with the help of (34) by bounding the
right-hand side of (34) as in the previous analysis on (Q4). This entails:

dt.

T N

(87) / > mi(|Bi)? + [6]?)dt < By + 2)K.
0 k=1
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The third term is controlled using (76). The last term can be bounded by T/((Mx)?ds). There-
fore, this inequality becomes

T T
- T
85 [ ISt < Col [ IS ngnat+ (B +208) + o Bo+ sz

Let us now focus on the first term. We use the definition (8) of ¥ and the momentum equation (7)
to write

T T
AIEM%m@:AHM%W*w@M@uW

T
[ s @+ g it

Thanks to (76) and (Q3), the first term can be bounded. For the second term, one has

T T
/nw@w+w@wm@ﬂaS%/ /w@w+w@wma
0 0 F

and this right-hand side actually appears in (34) and thus, the previous estimate obtained to prove
(Q4) can be used. This provides

2
+ poo(E1 + 2)K).

max py

P Poo

T
0

Gathering the previous estimates and after rearrangement,
(211 Eo + (poo + 1) E1 + pgEo)

+(2

holds. Now starting from Proposition 8, a similar estimate can be proved for f)g. Then, using
again (87), one finally have

T
/0 HEfH%(l(Q)dt <o

2

max pg
[ﬁoovﬁoo]

(Moo)?doo

+ 1>T +2(Poo + 1)AK1

T
A {&ﬁmm+@N%@+mMWW+WﬁﬂﬁSQ+Cﬂ%CﬁK

where Cy, Cy and C3 are positive and independent of N, T, A and K. To conclude, it suffices
to choose A sufficiently small so that A < (4C3)~! and K > 4C;. We can then take T smaller if
necessary so that CoT < K/4.

APPENDIX B. ANALYSIS OF THE DENSITY EQUATION
This section is devoted to the proof of the following proposition:

Proposition 29. Assume that T > 0 and (py,uys, (ck, Ri)k=1,...n) is a classical solution to (6)-
(13) on (0,T) — complemented with initial conditions constructed as in (16)-(19) — that satisfies
(Q1)-(Qs). Then, there exists strictly positive constants K1 and Ty depending only on the list of
parameters (25) and K such that

oy (Ol (7)) < K1 on (0,T1).

Again, the main difficulty in obtaining this proposition is to make the constant K3 independent
of the parameter V. For this, we proceed as in Section 4 and interpret py on F(t) as the trace
of some global density defined on 2. We notice here that, by assumption, we already have this
property initially since we set

ps(0,-) = p§ on F°
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with p? € H*(Q). To extend this property, we construct again extensions @ ¢ of fluid velocity-field

us and ¥y of stress tensor ¥; with the same formula as in (47) and (35) respectively. We then
construct py

Oy +uplups = */% (if + pf(ﬁf)) , on (0,7) x 9,
ﬁf(o?):p(}7 on Q,

By (Qs5) with Proposition 41 for the fluid part and (Q1)-(Q5) with Corollary 9 for the bubble
part, we obtain that @iy € L2(0,T; W1H°(Q)) with X, € L?(0, T; H'()). Consequently, we have a
unique solution (89) which solves (6) on F. By uniqueness of the solution to (6) in the regularity
class of classical solutions (see [14]), we have thus py = p; on F(t) for t € (0,T'). So, our proof
reduces to computing bounds for py.

First, we prove that there exists Ty < T such that we can control |ps||ze (o) explicitly on
(0,Tp). By the method of characteristics and the explicit value of py :

(89)

1 T
167t Yoy < 162 zoe >exp<w / (nznm +agllpst, >||Lm<m)dt>-

The bound (Qs) coupled with the embedding of H'(Q) in L°(2) allows to control the stress
tensor norm by K. I |55 (t, )| Lo (o) < 2lp}(t, )l L= (@), it yields

150 Mooy < Ity ex0 (VTR + 20T )

By a standard continuation argument, we construct then a time-interval (0,7y) depending only
on K, ay, vy and [|p}(t,.)|| = (q) so that:

155t )L (@) < 200% @)
for t < Tp.
We focus now on 0,5. For this, we apply a space derivative to (89):
0u(0apy) + 0 (@) = —Z—f;axif
y (35 +r(pr) + ps0(5r)) 0y
(0:0)(0,") = Dl

For simplicity, we denote from now on Y := 9,py. We multiply the previous equation by 2Y,
leading to

0u(Y2) + 0, (aY?) = —2v 2L, 5, — v2A
1274

where A denotes 0,4 + /TQf(if + rp(yr + 1)([;f)7f). Let first bound the right-hand side by a
standard Cauchy-Schwarz/Minkowski inequality:

Pf o 5 2 ) Lo os e ( 1 ) 2
—2Y =290, =Y A )de < —||pf0. 5 +(— 4+ [|A]|p= Y
| (~2ras, 501y + (5 + Al ) IV e
Going back to the PDE for Y2, the L? norm of 9,5 can be bounded as
R TR
1025511720y < (1102031172 () + o 195027 |72 dt

T T 2, = ,
cexp( Lt [ (10nileio + 2 (1w + w0y + D15 )
TR ©@ uf( fllzsio) +#p (77 i)
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All the terms can be controlled using (Q3) and (Q5), except fOT |02 oo (ydt. This latter term
can be bounded using lemmas 28 and 27 (corresponding respectively to the contributions of
1021 oo 7y and [0z Lo\ 5)). Then, for a sufficiently small time T3 < Tp,

T 1
[ Wosile i < 5,
0

so that on (0,T}) :

- 2
102551720y < (||azﬂ(}||i2(n) + ;f“ﬁ?”%m(ﬂ)K)

T 1 2 .
X exp(—1 + -4+ — VT K+ Tikg(vyy +1)27 ||p5)c|\2’;,(m>
py o 20 py
This completes the proof.
REFERENCES

[1] A. A. Amosov and A. A. Zlotnik. On the quasi-averaging of a system of equations of the one-dimensional motion
of a viscous heat-conducting gas with rapidly oscillating data. Zh. Vychisl. Mat. Mat. Fiz., 38(7):1204-1219,
1998.

[2] D. Bresch, C. Burtea, and F. Lagoutie¢re. Physical relaxation terms for compressible two-phase systems.
arxiv:2012.06497, December 2020.

[3] D. Bresch, B. Desjardins, J.-M. Ghidaglia, E. Grenier, and M. Hillairet. Multi-fluid models including compress-
ible fluids. In Handbook of mathematical analysis in mechanics of viscous fluids, pages 2927-2978. Springer,
Cham, 2018.

[4] D. Bresch and M. Hillairet. Note on the derivation of multi-component flow systems. Proc. Amer. Math. Soc.,
143(8):3429-3443, 2015.

[5] D. Bresch and M. Hillairet. A compressible multifluid system with new physical relaxation terms. Ann. Sci.
Ec. Norm. Supér. (4), 52(2):255-295, 2019.

[6] D. Bresch and X. Huang. A multi-fluid compressible system as the limit of weak solutions of the isentropic
compressible Navier-Stokes equations. Arch. Ration. Mech. Anal., 201(2):647—-680, 2011.

[7] B. Desjardins. Regularity of weak solutions of the compressible isentropic Navier-Stokes equations. Comm.
Partial Differential Equations, 22(5-6):977-1008, 1997.

[8] D. A. Drew and S. L. Passman. Theory of multicomponent fluids, volume 135 of Applied Mathematical Sciences.
Springer-Verlag, New York, 1999.

9] P. Embid and M. Baer. Mathematical analysis of a two-phase continuum mixture theory. Contin. Mech.
Thermodyn., 4(4):279-312, 1992.

[10] E. Feireisl, A. Novotny, and T. Takahashi. Homogenization and singular limits for the complete Navier-Stokes-
Fourier system. J. Math. Pures Appl. (9), 94(1):33-57, 2010.

[11] S. Gavrilyuk. The structure of pressure relaxation terms: the one-velocity case. Technical report, EDF, H-I83-
2014-0276-EN, 2014.

[12] M. Hillairet. Propagation of density-oscillations in solutions to the barotropic compressible Navier-Stokes
system. J. Math. Fluid Mech., 9(3):343-376, 2007.

[13] M. Hillairet. On Baer-Nunziato multiphase flow models. In Workshop on Compressible Multiphase Flows:
derivation, closure laws, thermodynamics, volume 66 of ESAIM Proc. Surveys, pages 61-83. EDP Sci., Les
Ulis, 2019.

[14] M. Hillairet, H. Mathis, and N. Seguin. Analysis of compressible bubbly flows. Part I: Construction of a
microscopic model.

[15] D. Hoff. Global solutions of the Navier-Stokes equations for multidimensional compressible flow with discon-
tinuous initial data. J. Differential Equations, 120(1):215-254, 1995.

[16] M. Ishii and T. Hibiki. Thermo-fluid dynamics of two-phase flow. Springer, New York, 2006. With a foreword
by Lefteri H. Tsoukalas.

[17] Y. Lu and S. Schwarzacher. Homogenization of the compressible Navier-Stokes equations in domains with very
tiny holes. J. Differential Equations, 265(4):1371-1406, 2018.

[18] P. Plotnikov and J. Sokolowski. Compressible Navier-Stokes equations, volume 73 of Instytut Matematyczny
Polskiej Akademii Nauk. Monografie Matematyczne (New Series) [Mathematics Institute of the Polish Acad-
emy of Sciences. Mathematical Monographs (New Series)]. Birkhduser/Springer Basel AG, Basel, 2012. Theory
and shape optimization.

[19] D. Serre. Variations de grande amplitude pour la densité d’un fluide visqueux compressible. Phys. D, 48(1):113—
128, 1991.

[20] N. Wang and P. Smereka. Effective equations for sound and void wave propagation in bubbly fluids. STAM J.
Appl. Math., 63(6):1849-1888, 2003.

[21] F.A. Williams. Combustion Theory. CRC Press, Taylor and Francis Group, 1985.



ANALYSIS OF COMPRESSIBLE BUBBLY FLOWS. PART II. 39

INSTITUT MONTPELLIERAIN ALEXANDER GROTHENDIECK, UNIV MONTPELLIER, CNRS, MONTPELLIER, FRANCE
Email address: matthieu.hillairet@umontpellier.fr

NANTES UNIVERSITE, CNRS, LABORATOIRE DE MATHEMATIQUES JEAN LERAY (LMJL - UMR 6629), F-44000
NANTES, FRANCE
Email address: helene.mathis@univ-nantes.fr

UNIVERSITE DE RENNES, IRMAR, UMR CNRS 6625, 35042 RENNES CEDEX, FRANCE
Email address: nicolas.seguin@univ-rennesl.fr



	1. Introduction
	2. Local Cauchy theory for the microscopic system
	2.1. Classical estimates
	2.2. Extended stress-tensor estimates
	2.3. Proof of Theorem 1

	3. Construction of macroscopic unknowns
	3.1. Fluid unknowns
	3.2. Mixture unknowns
	3.3. Bubble unknowns
	3.4. Two technical lemmas

	4. Derivation of a macroscopic model
	4.1. Momentum equation and closure laws

	5. An alternative description of the bubble dynamics
	Appendix A. Proof of Proposition 10
	Strict version (Q1) of (Q  1)
	Strict version (Q2) of (Q  2)
	Strict version (Q3) of (Q  3)
	Strict version (Q4) of (Q  4)
	Strict version (Q5) of (Q  5)

	Appendix B. Analysis of the density equation
	References

