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COMPRESSION EFFECTS IN HETEROGENEOUS MEDIA

BY Dipier Brescr, SArkA NECASOVA & CHARLOTTE PERRIN

Asstract. — We study in this paper compression effects in heterogeneous media with maximal
packing constraint. Starting from compressible Brinkman equations, where maximal packing
is encoded in a singular pressure and a singular bulk viscosity, we show that the global weak
solutions converge (up to a subsequence) to global weak solutions of the two-phase compress-
ible/incompressible Brinkman equations with respect to a parameter ¢ which measures effects
close to the maximal packing value. Depending on the importance of the bulk viscosity with
respect to the pressure in the dense regimes, memory effects are activated or not at the limit
in the congested (incompressible) domain.

Reésumi (Effets de compression en milieux hétérogénes). — Nous étudions dans cet article
des effets de compression dans des milieux hétérogeénes soumis a une contrainte d’entassement
maximal. Partant des équations de Brinkman compressibles ou la contrainte maximale est
prise en compte au sein d’une pression et d’une viscosité de volume toutes deux singuliéres,
nous montrons que les solutions faibles globales convergent (& une sous-suite prés) vers des
solutions faibles globales d’un modéle biphasique de type compressible/incompressible quand le
parametre €, mesurant 'intensité de la résistance a la compression au voisinage de ’entassement
maximal, tend vers 0. En fonction de la prédominance relative de la viscosité de volume par
rapport a la pression dans les régimes denses, nous mettons en évidence I’activation d’effets de
mémoire a la limite dans le domaine congestionné (incompressible).
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INTRODUCTTION

We analyze in this paper macroscopic models for heterogeneous media like mix-
tures, suspensions or crowds, in dense regimes. These regimes exhibit interesting be-
haviors such as transition phases with congestion (also called jamming for granular
flows) and non-local (in time and/or in space) effects which are both due to a phys-
ical packing constraint, that is the finite size of the microscopic components. At the
macroscopic scale this packing constraint corresponds to a maximal density constraint
p < p*. A very challenging issue in physics and mathematics is then to model and
analyze the change of behavior in congested domains p = p* and close to a transition
phase p* —e < p < p*.

Two different approaches are generally considered in the literature to model conges-
tion phenomena at the macroscopic level. The first one, usually called hard approach,
consists in coupling compressible dynamics in the free domain {p < p*}, with incom-
pressible dynamics in the congested domain {p = p*}. Associated to the incompress-
ibility constraint on the velocity field, an additional potential (seen as the Lagrange
multiplier) is activated in the congested regions. The second one which, by opposition,
is called soft approach, prevents the apparition of congested phases by introducing in
the compressible dynamics repulsive forces which become singular as p approaches p*.
These repulsive effects can be describe either in the pressure (constraint on the fluid at
equilibrium) or in the bulk viscosity coeflicient, which represents the resistance of the
material to a compression. The interested reader is referred on these two approaches
to [26] and Section 2 below for additional references. An intuitive link can be made
between the two approaches: if the scope of action of the repulsive forces tends to 0,
one expects that the soft congestion model degenerates towards a hard congestion
model. We give in the Section 2 below some conjectures on this singular limit and
recent results that have been obtained in this direction. In particular, one interesting
conjecture made initially by Lefebvre-Lepot and Maury in [22] is that a singular bulk
viscosity would degenerate in the singular limit towards a (incompressible) pressure
and would activate memory effects in the limit congested domain.

We want to investigate rigorously the link between soft and hard systems, by
showing how the choice of the constitutive laws, the pressure and the bulk viscosity
as functions of the density in the soft models, impacts the behavior of the limit hard
system in congested regions assuming a constant shear viscosity. More precisely, the
main objective of this paper is to characterize the respective effects of singular pressure
and bulk viscosity close to the maximal density constraint in order to understand
when memory and pressure effects are activated on the limit hard congestion system.
To that end, we consider the following three-dimensional soft congestion system (based
on compressible Brinkman equations) in (0,7") x T3:

(la) O¢pe + div(peus) =0,

(1b) {Vpe(pg) — V(Ae(pe) divue) — 2div(uD(ue)) + rue = f,
where p. is the density, satisfying the constraint

(2) 0<p.<1 ae (t,z)€[0,T] x T?,

JEP — M., 2019, lome 6



COMPRESSION EFFECTS IN HETEROGENEOUS MEDIA 435

and wu. is the velocity vector field in the material. The coefficients p. and ). are
respectively the pressure law and the bulk viscosity coefficient, defined in this paper as
(3) Pe(pe) :€<1fsps>7’ Ae(pe) :5(1f€p€)6 with v, 8 > 1,

while the shear viscosity is assumed to be constant: p > 0. Finally, ru. with r > 0
represents the drag and the right-hand term, f, is a given external force. Initially
Peli=0 = p§ with

0<p?<1—R.<1land R. — 0 when ¢ — 0,

4 1
T3

Let us encode the effect of the singular bulk viscosity through the following PDE
equation that may be obtained from the mass equation

O(Ac(p:)) + div(Ac(pe)ue) = —Ac(p:) div ue,

where
Pe 1

(5> As(pe) = p. )\5(7')/7'2 dr = p. [ﬁ €(1+’Y—ﬁ)/’y<p8(p€))(5—1)/7 .
o _

The main objective now is to understand the asymptotic regime which may be
obtained by letting € go to zero. This corresponds to the limit towards the hard
approach explained previously. Let us assume that (pe,ue, pe(pe), Ac(pe)) tends to
(p,u,p, A). Then we get the following system in (0,7) x T3:

(6a) Orp + div(pu) =0,

(6b) Vp — VI - 2div(pD(u)) + ru = f,
(6c) 0<p<landp=>0,

where

(7) IT = —(0:A + div(Au)) with A > 0.

We also get the following limit initial data
(8) plimo = p° €[0,1],  Als=o = A° in T3

It remains now to close the limit system by deriving two constraints. One of these
constraints will result from Equality (5) depending on the sign of 1+~ — 3 appearing
explicitly in the power of €. For the last constraint, different scenarios will be obtained
using one of the two following relations

©) (1 —pe) pe(pe) = 51/7p5(p6(p6))(’>’71)/’y,
or
1 (1= p2) Aclpe) = c(B)e/ P02/ E=D (A (p.)) P2/ D),

More precisely, passing to the limit in (5) and (9)—(10), we find the following
relations in addition to the system (6)—(8):

JE.P.— M., 2019, tome 6



436 D. Brescm, S. NeCasovA & C. Perrin

—If 14+~ — B =0 (memory and pressure effect):

(11) pp=(8—1A and (I-p)A=0.
- If 14+~ — B <0 (memory but no pressure effect):
(12) p=0 and (1-p)A=0.

—If 14+~ — B > 0 (pressure but no memory effect):
(13) A=0 and (1-p)p=0.

Observe that this formal analysis could be generalized to more general pressure and
bulk viscosity laws than (3), to take into account different (singular) possible behaviors
close to the maximal constraint. The key argument relies here in the comparison
between the pressure p. and the coefficient A, in the vicinity of the maximum density.
Let us emphasize the fact that there is no consensus in physics around the order of
singularity of these laws (see for instance [2] or [9]).

Note that it is well known that the compressibility of a fluid may be encoded in the
pressure and in the bulk viscosity. Indeed, incompressible systems may be obtained
by letting the Mach number Ma, which appears in the dimensionless Navier-Stokes
equations in front of the pressure (1/Ma?)Vp(p), go to zero (see for instance the
works of Desjardins et al. [13], Lions, Masmoudi [24], Feireisl, Novotny [19]). But the
incompressible equations can be also obtain from a large bulk viscosity limit: if in
the bulk viscosity term V(A° div u) one lets A° go to +oco then, formally, divu should
tend to 0. This result has been recently proved by Danchin and Mucha in [10].

In our paper, the main novelty is to consider both singular pressure and singular
bulk viscosity depending on the density which will encode incompressibility of the
material at the maximal packing value p* = 1, assuming the shear viscosity to be
constant. Below this maximal packing value, the material remains compressible. It is
also interesting from the physical point of view to consider density dependent shear
viscosities p(p), this case has been treated in the two papers [33, 34]. The results are
presented in the section state of the art (subsection II-ii). It has to be noted that the
mathematical tools and difficulties are in that case completely different from those
used in the present paper. Historically, studies on compressible Navier-Stokes system
with (non-singular) density dependent bulk viscosity A\(p) and constant shear viscosity
w > 0, start from the beautiful paper [38] by Kazhikov and Waigant where they
prove global existence of strong solutions in two dimensions with periodic boundary
conditions and with no vacuum state if initially no vacuum exists. In their paper,
the pressure is assumed p(p) = ap?, p > 0 and A(p) = p” with 8 > 3. Following
this result, Perepelitsa proved in [32] the global existence of a weak solution with
uniform lower and upper bounds on the density when the initial density is away from
vacuum. Finally, the hypothesis on the coefficient 5 has been recently relaxed with
possible vacuum state in [20] and bounded domains have been considered in [15].
It would be interesting to investigate the problem for singular bulk viscosity and
singular pressure laws for the 3D compressible Navier-Stokes equations but this is not
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the main objective of our paper. We focus here on 3D Brinkman equations where the
total acceleration of the fluid is neglected. A typical application we have in mind is
the modeling of flows in porous media. Brinkman equations are a classical extension
of the Darcy equation:
u=-=Vp+f,

with additional viscous terms, here V(Adiv u)+2div(p D(w)). In their incompressible
version, these equations have been rigorously derived by Allaire in [1] by homogeniza-
tion techniques from Navier-Stokes equations in a perforated domain. His result has
been then extended by Desvillettes et al. [14] and Mecherbet, Hillairet [28]. The
recent study [29] provides some new analysis and numerical results on these equa-
tions in the incompressible case. These equations in the compressible setting may also
apply in biology in tissue growth modeling or in petroleum problem occurring in com-
pressible porous matrix. The interested reader is referred to the study of Perthame,
Vauchelet [37], Nasser El Dine et al. [29], [30], or Enault [16] and the references therein.
From a mathematical point of view, of course, it could be interesting to study the
compressible Navier-Stokes equations with singular pressure and bulk viscosity. Both
the estimates on the effective flux and the compactness arguments are then of course
much more tricky to handle due to the additional acceleration term. In view of the
applications we have in mind, this case is beyond the scope of our paper.

The paper will be organized as follows: We will first present the main existence and
convergence results, then we will review mathematical studies that have been realized
recently around the subject of congestion problems. In the second section, we present
important mathematical properties linked to the system under consideration and the
truncated system we first study. Passing to the limit with respect to the parameter
of the truncation, §, we get the global existence of weak solutions for the original
system (1) at e fixed. It will be then possible to pass to the limit with respect to
¢ to recover the hard congestion system (6)—(7) with two additional relations which
will be, depending on the parameters vy and 3, given by (11) or (12) or (13). We will
divide the study in two sections depending on the sign of v — 8 which correspond
to the dominant pressure regime v > (8 (Section 4) or dominant bulk regime 8 > v
(Section 5).

1. MAIN RESULTS

We first prove in the paper the existence of global weak solutions to the soft
congestion system (1) when the pressure and the bulk viscosity are defined by (3).
For simplicity, we assume in addition that

(14) f e L*0,T;(LYT?)?) with g > 3.
Let us first give our definition of global weak solutions of (1)—(4) and (6)—(8).

Derinition 1.1 (Weak solutions of the soft congestion system)
A pair (p.,uc) is called a global (bounded energy renormalized) weak solution to
(1)—(4) if for any T > 0, the following properties hold.
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— pe € C([0,T); LI(T3)) N L>=((0,T) x T?) for all g € [1, +00);
— u. € L*(0,T; (HY(T?))3);

—0< pe(t,z) < 1ae. in (0,T) x T3;

— (pe, ue) satisfies (1a)—(1b) in the weak sense:

T T
// psat(b + // Pele - vd)
0JT3 0JT3

- / pe(T)O(T) - / A00) Yo (0.T] x T

/T/ (ps)dmwr/T/T (2u + Ac(pe)) div ue dive
//wucurluE curld}—&-r// Ue - Y = / o Vo eg([0,T] x T?).

— The renormalized continuity equation holds
deb(pe) + div(b(pe)us) + (b (pe)pe — b(pe)) divu. =0 in 2'((0,T) x T?),

for any b € €([0,400)), piecewise €*, where b/, denotes the right derivative of b.
— The energy inequality holds

T
sup H.(p:) // (Zp+ A(pe))(divue)? —|—g/ |curl(u,)|?
T3

t€[0,T]
1+C
wr [ [ o< [ A+ S,

with C the constant linked to Poincaré-Wirtinger inequality

lg = o)1z (rs) < ClIVIlT21s),s

and where
€ p7
y—=1 (1—-pp=t

H.(p) =

Derinition 1.2 (Weak solutions of the hard congestion system)
We say that (p,u,p,A) is a global weak solution to (6)—(8) if for any T' > 0, it
satisfies

— the following regularities
p € €([0,T]; LY T®)) N L>=((0,T) x T?) for all ¢ € [1, +00)
u € L*(0,T; (HY(T?))),
p€ .M ((0,T)xT? and A€ L>®(0,T;L*(T?));

~0< p(t,z) < 1ae in (0,T) x T3;
— (p,u, p, \) satisfies equations (6)—(7) in the sense of distributions.

We prove in this paper the following existence results

JEP — M., 2019, lome 6
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Turorem 1.3. Let p? satisfying condition (4). Assume in addition that

—ifl<pB<y
€ 0 .
—ifl<y<p
(16) / (A(p?))? < A® < +o0.
T3

Then there exist global (bounded energy renormalized) weak solutions of (1)—(4) at e
fized.

The next result justifies the formal derivation of system (6)—-(8) respectively with
relations (11) if v = 8 — 1, with relations (12) if v < 8 — 1, relations (13) if v > 8 — 1.
More precisely

Tueorem 1.4. — Ase — 0, there exists a subsequence (pe, ue) of global weak solutions
of (1)—(4) such that (pe,ue, p(pe), Ae(pe)) converges weakly to (p,u,p, A) a global weak
solution of the hard congestion system (6)—(8) satisfying two algebraic relations which
encode the competition between the singular pressure and bulk viscosity, namely

(I) Memory effect in the congested domain (y < 8 —1):
— For v < 8 —1 (no pressure effect):

p =0, (1-pA=0 a.e
— For v = — 1 (pressure effect):
pp = (B —1)A, 1-p)A=0 a.e.
(IT) No memory effect in the congested domain (pressure effect) (v > 5 —1):
A=0 a.e, sptp C {p=1}.

Remark 1. — Our system can be seen as a “semi-stationary” version of the com-
pressible Navier-Stokes equations with the additional friction term ru. If there is no
friction in the equations, namely r = 0, then in the periodic case, the velocity w is
defined by Equation (1b) up to a constant. Therefore, we would need to impose an
additional constraint on the velocity, e.g.

/ udz = 0.
T3

Integrating in space the momentum equation (1b), we would also need the “compat-
ibility relation”

fdx=0.
T3

Provided these additional constraints, our two results remain unchanged.

JE.P. — M., 2019, tome 6
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Incompressible dynamics in the congested domain. In addition to the limit equa-
tions (6)—(8), one could have add the incompressibility condition divu = 0 on the
congested sets {p = 1}. More precisely, we have the following lemma.

Lemwa 1.5 ([25, Lem.2.1)). — Let u € L*(0,T; (H*(T))3) and p € L?((0,T) x T3)
such that

Oep + div(pu) =0 in (0,T) xQ,  p(0) = p°,
then the following two assertions are equivalent

(i) divu=0 a.eon{p>1} and 0 < p’ < 1,
(ii) 0 < p(t,z) <1 ace. (¢, ).

Remark 2. An important issue concerning the limit systems that we obtain is the
regularity of the limit pressure p. Through our approximation procedure, the limit
pressure p, if it is not 0, is a priori a non-negative measure. If one is able to prove
that p € L*((0,T) x T3), it is thus possible to give a sense a.e. to the product pp at
the limit and then to the “exclusion constraint”

(1—p)p=0,

which is another way to express the activation of the pressure in the congested zones
(see the system (17) written below). In fact, this is less the justification the exclusion
constraint than the regularity of the pressure which is crucial in the mathematical
understanding of partially congested flows.

2. HISTORICAL REMARKS

For reader’s convenience, we present below the context of this study and give
some historical remarks concerning limits from soft approaches to hard approaches
for congestion problems.

I Derivation from compressible Luler equations. A first generic hard congestion
model is derived in [5] by Bouchut et al. from one-dimensional two-phase gas/liquid
flows. The equations read

(17a) Owp + Oz (pu) =0,
(17b) Or(pu) + 8z(pu2) 4+ 0.p =0,
(17¢) 0<p<l 1—=pp=0,p=0,

in which the constraint (1—p)p = 0, sometimes called “exclusion constraint”, expresses
the activation of the pressure p in the congested phase where p = 1. The pressure
ensures that the maximal density constraint p* = 1 is not exceeded. This system
has been then studied theoretically by Berthelin in [3, 4] who constructs global weak
solutions by means of an approximation with sticky blocks (see [27] for an associated
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numerical method). Degond et al. approximate numerically in [11, 12] the solutions
of (17) with an appropriate discretization of the soft congestion system

(18a) Op + 9z (pu) =0,

(18b) O(pu) + Oy (pu2) + 02p:(p) = 0,
P il

(18¢c) pe(p) = 5(@) ;> 1

Although the rigorous derivation of Equations (17) from (18) (i.e., the limit ¢ — 0
in (18)) has not been proved theoretically, the authors obtain satisfactory numerical
results thanks to smart treatment of the singular pressure p. for small €. Let us also
mention on the subject the study [8] which addresses the issue of the creation of
congested zones in 1D and highlights the multi-scale nature of the problem.

LI Derivation from compressible Navier-Stokes equations

[L(3) Compressible Navier-Stokes equations with constant viscosities. The first justifi-
cation of the link between a soft congestion system and a hard congestion system is
given in [7] for the one-dimensional case. In [35], the existence of global weak solutions
to the multi-dimensional viscous equations

(19a) Op + div(pu) =0,
(19b) Ot(pu) + div(pu ® u) + Vp(p) — V(A divau) — 2div(pD(u)) = 0,

(19¢) | p-(p) ==(

p Y
) L v>3, 24+ A>0,
I—p

is first proved for a fixed € > 0. Then, the authors show the weak convergence of
these solutions as € — 0 toward global weak solutions of the viscous hard congestion

system

(20a) Op + div(pu) =0,

(20b) O (pu) + div(pu @ u) + Vp — V(Adivu) — 2div(uD(u)) = 0,

(20c) 0<p<1, 1-pp=0,p=0.

Remark 3. — Note that the condition v > 3 was assumed in [35] to prove the existence

of global weak solutions to (19). Precisely, it was used to prove the equi-integrability
of the approximate truncated pressure p. 5(p-,5) as ¢ — 0 (see details of the truncation
process in the next Section). It is possible in fact to improve the bound on v and show
the existence for v > 5/2 as it has been done by Feireisl et al. in [18].

Remark 4. — Originally, Lions and Masmoudi in [25] have obtained the same viscous
system from the compressible Navier-Stokes equations with constant viscosities and
pressure p(p) = ap”™ letting ~,, — +oo. The same limit has been used by Perthame
et al. [36] for tumor growth modeling on the basis of the porous medium equation
instead of Navier-Stokes equations (see the study of Vauchelet and Zatorska [39] in
the case of Navier-Stokes equations with additional source term in the mass equation).
In this context the singular limit leads to the Hele-Shaw equations, this problem is
sometimes called in the literature “mesa problem”.
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[L(ii) Compressible Navier-Stokes equation with singular density dependent viscosities

In the modeling of immersed granular flows this type of singular limit has enabled
to prove in [33] the link between the suspension regime and the granular regime
which was an open conjecture in physics (see [2]). Precisely, global weak solutions to
the following suspension model

Op + div(pu) =0,
9¢(pu) + div(pu @ u) + Vp:-(p) — V(A:(p) divu)
— 2div(ue(p) D(w)) + rplulu =0,

are proved to exist at € > 0 fixed for singular viscosities and pressure such that

Y
), v>1,

pe(p) = po(p+p=(p)), pe(p) = 5(1 —,

and A. satisfying a specific relation with the shear viscosity (and thus with the pres-
sure), namely

(21) Ae(p) = 2(pu’(p) — pe(p))-

Under these hypothesis, the solutions are shown to converge to global weak solutions of
(22a) Op + div(pu) =0,

(22b) O¢(pu) + div(pu ® u) + Vp + VII

— 2o div((p + p) D(u)) + rplulu =0,

11
22 0 . = —
( C) tD +u Vp 2#0 )

where the pressures p and II are respectively the weak limits of p.(p:) and
Ae(pe) divu.. The important difference between (22) and (20) is the activation
of an additional equation (22¢) linking the two pressures p and II. It results from the
relation (21) that is imposed at ¢ fixed. Indeed, the conservation of mass and (21)
yield (at least formally)

. 1 .
Otpre (pe) + div(pe (pe)ue) = D) Ae(pe) divue,

which gives at the limit (22¢) due to the incompressibility constraint divu = 0 that is
satisfied in the congested domain. From a modeling point of view, Equation (22c) ex-
presses some memory effects in the congested regions, effects that were first identified
by Lefebvre-Lepot and Maury in a macroscopic 1D model for “viscous contact” [22]
(see also [21] for a microscopic approach). From a mathematical point of view, this
equation is necessary to close the system and relates II, which can be seen as the
Lagrange multiplier associated to the constraint divu = 0 in the congested domain,
and p called adhesion potential which characterizes the memory effects. This is thus
the singularity of bulk viscosity A. which is responsible for the activation of memory
effects in (22).
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In the present paper, we characterize precisely the respective effects of pressure
and bulk viscosity. At the limit on the hard congestion system, we cover in particular
the two cases introduced in [35] and [34] where pressure effects or memory effects are
activated.

3. STRUCTURAL PROPERTIES AND APPROXIMATE SYSTEM

This section is divided into three parts. After introducing some important quan-
tities, such as the effective flux, and deriving crucial properties linking the pressure
and the bulk viscosity, we present an approximate truncated system which formally
degenerates to our original singular system (1) as the cut-off parameter tends to 0.
The last part details how we can construct global weak solutions to the truncated
system.

Structural properties, effective flux. — Let F be the viscous effective flux defined as

F = (2p+ Ap)) divu — p(p),

and the function v defined from the viscosity coefficients

1
(23) v(p) = .
21+ Ap)
We prove the following Lemma.
Levma 3.1. — Let (p,u) satisfying in the weak sense the equations

{6tp + div(pu) =0,
Vp(p) = V(A(p) divu) = 2div(uD(u)) + ru = f,

and denote
S:=(=A)"Mdiv (f —ru),
where (—A)~! is the inverse operator of the Laplacian. More precisely, if for a periodic
function g such that (g) =0, where (g) := (|T?))7" [1s g(x)dz, h = (=A)"tg is the
unique periodic solution of
—Ah=g inT3, <h> =0.

Then the following relations hold
e e 0+ )
(24) (Ap) divu) = (p(p)) )

{(p(p) + S)v(p))
(v(p)) '

Proof. Observe first that integration in space of the momentum equation yields

r/ u = f.
T3 T3

Applying the div operator to (1b) we obtain
AF = div(f — ru).

(25) F=5-
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Then
F=(F)+5,
ie.,
(26) 21+ Ap)) divu — p(p) = S + (Mp) divu — p(p))-

Let us now characterize the mean value of the effective flux in terms of the density:
rewriting this equation as

divu = v(p)(S + (Mp) divu — p(p)) +p(p))

and integrating in space, we arrive at (24). Replacing this expression in (26), we finally
get (25). O

Approximate system. — We introduce now a cut-off parameter § < §° € (0,1) in order
to truncate the singular laws p. and v.. Namely, we define the truncated laws

€p’)’ (1_p)’y lfpgl_(sv
(27) pes(p) = / :

epY /67 if p>1-4,

e /1—p)f ifp<1—06,
(25) and  Aeglp)g= {1

ep? /8P if p>1-4,

and consider the associated system
(29a) Otpe,s + div(pe suie 5) = 0,
(29Db) {Vpe’g(pg’(;) — V(Aes(pes)divue s) — 2div(uD(ues)) + rue s, = f
with initial density
pa,6|t:0 = Pg~

Let us first give some properties related to v 5(pe,s)-

Lemvia 3.2. — Assume that p° satisfies (4). There exist C1,Co > 0 which do not
depend on 6 or € such that

ealpesllez <Ci [ veslpes) = o
T

Proof. — By definition of v, 5 (23), we directly get
1 1

< — < 4o0.

Ves = ——— <
T Aes 2

Under the assumption on the initial mass (4)2 (which does not depend on 6 or €), we
have

MO|T?| 2/ Pe.s 2/ Pz, Lip. s> (14002} =
T3 T3

Now, since MY < (1 + M9)/2, it follows that

1+ M°
+ meas{pe s = (1+ M°)/2}.

2M0
1+ MO

meas {p.5 > (1+M°)/2} < %) < 19,
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and
meas {p- 5 < (1+M")/2} > K >0,

with K =1 —2M°%/(1 + M°) independent of § and €. Then,

1
v = _—
/Ts e.s(pes) / 20T Aenpes)

1
>/ Ly s<4m0))/2
™ 2+ eply/ (L= pes)? }
1
> 1 .
/Ts 2p+e((14+ MO)/(1— MO))ﬁ {pe,s<(1+M?0)/2}

K
= )
20+ (14 M°)/(1 = M©))"

where we have used the fact that A; 5(pe,s) is bounded (uniformly in § and ) when
Pe,s is far from the singularity. O

Levwva 3.3. —  Let us assume ue s € L*(0,T,(HY(T?))3) and f € L*((0,T) x T3).
Then, we get for all (p,q) € [1,+00)?%:

pes(pes) € LP(0,T; LY(T?)) = Ao 5(pe.s) divue 5 € L™ 2P0, T, L2029 (T3)),

Proof. — We come back to the formula

<(p€,5(ps,6) + Ss,é) Ve,&(ps,5)>
<V6,5(pe,5)>

It suffices now to use previous Lemma 3.2 to conclude. ]

)\5,5([)575) div Ue,s = —2pu div Ue,§ +pa,5(p5,6) + Sa,ti -

FExistence of global solutions to the approximate system. — The next theorem states that
one can construct global weak solutions to the truncated system at é > 0 fixed.

Turorem 3.4. Let0< 6 <0 =1—R, and ,02,5 = p? satisfying (4). Let us assume
f € L2(0,T; Li(T3)) withq > 3. Then, for all T € (0,+00), there exists a global weak
solution (pe s, Ue,5) to the truncated system (29a)—(29b), i.e.,

(1) ues € L*(0,T; (HY(T?))?3), pes € €([0,T]; LY(T3)) N L>=((0,T) x T3) for all
q € [1,400);

(2) (pe,s,ue,s) satisfies (292)—(29b) in the weak sense:

T T
// pa,68t¢+ // Pe,sUe,s - VO
0JT3 0JT3

= [pmem) - [ o0)  Yoe @ (0.1 x T
T3 T3
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T T
(30) - // De,s (Ps,&) le?ﬁ + // (2M + >\5,5 (pa,&)) div Ue, 5 div ’(/}
0JT3 0JT3

T T
+// ucurluaa-curlw—i-r// Ues - P
0JT3 0JT3

= | f-v Ve (0,T]xT?);
T3
(3) the renormalized continuity equation holds

(31)  0ib(pe,5) + div(b(pe,s)ue.s) + (Vy(pes)pe,s — b(pe,s)) divue s =0
in 2'((0,T) x T?),

for any b € €°([0, +00)), piecewise €', where b, denotes the right derivative of b;
(4) the energy inequality holds

T
3 .
(32) sup / HE,5(PE,5)+// (*.LH')‘676()06,6))((11"“6,5)2
T3 0JT3

t€[0,T] 2
T T
1+C
LB / jeurl(ug )2 + / / e 52 < / He (i) + 217112,
2 JoJrs 0JT3 T3 21 t,a

where

€ p7 .

—ll(l—p)’y_l pr<1_57
(33) Hes()={"2" c

L (1-4) ] 1-6.
po < (7_1)57( §)p  ifp>1-46

Note that defining A, 5 as
€ PP

Aeatp =4 P (o

B—1 66 (B—1)0P
we get the following renormalized continuity equation in 2’((0,T) x T3)

(34) O0tMe 5(pe,s) + div(Ac 5(pe,s)ue,s) = —Ae,5(pe,s) div ue 5.

The existence of global weak solutions to the approximate system, namely Theo-

if p<1—49,

(1—-6)%p if p>1-39,

rem 3.4, follows from a standard procedure. For reader’s convenience, since our main
goal is the study of the singular systems, we just present the idea of the proof. The
analysis is in fact very similar to the classical case with constant bulk viscosity treated
in [23, Chap. 8.2]. We construct exactly in the same way the solutions by solving first
the system for a regular initial data p° via a fixed point argument. Then, for a gen-
eral initial density p® € L>°(T?), we regularize p" and prove that we can pass to the
limit with respect to the parameter of the regularization. Compactness arguments are
needed to identify the limit quantities and in particular we need to prove the strong
convergence of the sequence of densities. The arguments to justify this strong con-
vergence are non-standard, and different from the case with a constant bulk viscosity
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term, but we justify in details this point in Section 4.1.2 for the limit § — 0. We refer
to [23] for more details.

Now we have our global weak solutions (pe s, uc 5), we want to pass to the limit with
respect to § (at € fixed) to get global existence of weak solutions for the compressible
singular systems. It will be then possible to pass to the limit with respect to € to get
the congestion systems.

We will divide the study in two sections depending on the sign of v— /3. First, we treat
the dominant pressure regime v > [ (Section 4), then the dominant bulk viscosity
regime 3 > v (Section 5).

4. DOMINANT PRESSURE REGIME ¥ > 3 > 1

4.1. EXISTENCE OF WEAK SOLUTIONS AT € FIXED

4.1.1. Uniform estimates with respect to §. — First of all, observe that if we consider §
small enough, namely § < 1 — R, (¢ is fixed), we ensure that initially

Ha(;(pg,é) = H.(p?) is bounded in L'(T?).
Thanks to Theorem 3.4, the solutions (pes,ue,s) satisfy the energy estimate (32),
so that (ucs)s is bounded in L%(0,T;(H!(T?))3) and (H.s(pes))s is bounded in

L>(0,T; L*(T?)). In particular, the control of the internal energy H. s leads easily to
a control of the density

(pe.s)s is bounded in L>(0,T; L7 (T?)).

In the following lemma, we improve the control of the density by using the singularity
of H,. s with respect to § for large values of the density.

Levmma 4.1, — Let (pe,5,ue,5) be a global weak solution of the compressible Brinkman
system. Then
(35) sup meas {z € T, p.s(t,z) >1—0} < C(e) &7

t€[0,T]

Proof. — The energy H. s being defined as (33), recalling that v > 1, we have

(36) C > sup He,é(Pa,5)>/ Hc 5(pe,s) Lp. s>1-5)
tefo,7] JT2 T3

€ _ _ _
>C . 57 [(pZ,ﬁ — (=8N + (1 =6)7"6]pess Lip. s>1-5)
€
> ST =91 510,
which ends the proof. O
Levva 4.2, — Let (pes,ues) be a global weak of the compressible Brinkman sys-

tem (29) with v > 8 > 1. Then

[Ac.5(pe.s)llt(0,1)xT3) + [IPe.6(Pe.6)ll L1 ((0,1)xT)
+ [ Ae,6(pe,s) divue sl 0,1y x13) + IAe.6(Pes) | Lrve 0,7y xm3) < C,

where C. does not depend on d.
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Proof. Integrating in space (34) and using (24), we have

d fs (586+p65(P55))V55(P56)
J— A€ e +/ e - — ’]I‘?) T ? ) ) E ’ .
5 | Acstoes) + [ pestoes) = 1T e

Using Lemma 3.2, we can bound the right-hand side

d Cl|']T3| |
(37) dt Ae,é(ps,6)+ pa,é(pe,5) < Cy ||SE 5||L1+ pa § pe 5)’/8 6(p5 6)
T3

where

1Sesller = (=A) " div (f = rues) e < C(IflL20,riacr2)) + e sl L2m ),
and
ps,é(pe,é)
2,Uz + )\5,6(05,6)

ps 5(pa 6) 1 Mot 4 pe,&(pe,é) 1ias < s+ pe,é(pa,&)
~<xHMHeg, 17
2u eI s(peg) OSSN 5(p20)

The first term of the right-hand side is bounded since p, 5 is far from 1. For the two
other terms, which become singular as § — 0, we ensure that

M1M< 15<#1M< <1-6}
>\a,5(pa,6) {Mo<pe,s<1=0} (1_ 5,5)7_6 {Mo<pe,s<1—

pa,&(p5,6)ya,5 (pe,é) =

{Pe,é?lfﬁ} :

P
< O(e)He 5(pes) Vino<p. s<1-5}s
Y—B8

pe,&(pa,é)

Pes
Ae,5(pe,5) Yoesz1-0p S C(Sv 5 L{p.s>1-6}

< C(e)[Hes(pe,5) + p) Lip. y51-6)

since S € (1,v) and thus 0 < v— 8 < v —1 (recall Definition (33) of H, s). Using now
the control of H, 5 and the fact that the total mass is constant, we deduce (e is fixed

here)

d
G [ Acstoes)+ [ pestoesn) < €.
T3 T3

To conclude, let us observe that, using that 5 < ~ and the initial conditions (4)
and (15), we have

[ Astoest0n = [ a<c
T3 T3
Hence, we get from integration in time of (37) that
(p575(p5,5))6 is bounded in L' ((0,7) x T?).
Coming back to Lemma 3.3, we obtain
(Ac.6(pe,s) divue 5) s bounded in L'((0,T) x T?).
Note that from the pressure estimate, since v > 3, we deduce that

(Ae.s(pe.5)) 5 is bounded in LY/#((0,T) x T%).

JEP — M., 2019, lome 6



COMPRESSION EFFECTS IN HETEROGENEOUS MEDIA /|/|()

These controls on the pressure and the bulk viscosity can now be used to prove a
maximal bound on the density.

Provosition 4.3. — The density p. s is bounded in L°°((0,T) x T?) uniformly with
respect to the cut-off parameter §.

Proof. — Using the renormalized continuity equation (31) with b(p) = p™ and m €
(1, 400), we get

Opls + div(ue 5pls) = (1 —m) pls divue,s  in 2'((0,T) x T3)

d .
a/ paé (1_ )Agpe,6dlvu875'

Using (26) to replace div u. 5, we get

and therefore

d m m m
d / o+ (m— 1) / psve 5 (pe.5)ess (pess) = (1—m) / Psve 5(pe.5)Se 0
dt Jps 3 T3

P sVe.s(Pe.s) .
+(1— m)/ 658735/ ((Xe,0)(pe,5) divue 5 — pe s (pe.s))-
= |T9 T3
Now, thanks to (14) (g > 3), we ensure that
IS, (=) div(f = ruco)lze < C(Ifllz + llueslze)

and therefore (we recall that [|ve s||1g, < C1)

d
G Lot <20 m(USaslliz: + Weslpe) divusloy +peslpeslli) [ ot
i

This gives

with

C =201 exp (IS lliizg + 11000)(pes) diveueslzy, + Ipeslpes) s, )-

Hence, passing to the limit with respect to m and recalling that 0 < p. 5(0) = p? < 1,
we get the uniform upper bound:

lpesllie, <C. 0

We now improve a little bit the estimate on the pressure. This will ensure that the
weak limit of the pressure is more regular than a measure.

Lemva 4.4. — The sequence (pe5(pe,s))s is bounded in L*9((0,T) x T?).

Proof. — Let us consider in (30) the test function
=B
v—1

w VA (( £,8 p55 —< £,6 pe(; >) with oo = 6(0,1).

JE.P.— M., 2019, tome 6



450 D. Brescm, S. NeCasovA & C. Perrin

We have

[ pest0m) [(0s(o2)” e
— AA3 (2N+)\5,5(p5,5)> diV'LLE’(; [(He,zi(pg’g))a _ <(H€,§(P5,6))a>]

- /OT/TB (f —rucs) - v

and using the controls resulting from the energy inequality, we obtain

/(;/T3 pe,é(ps,é) [(He,é(ps,(S»a - <(H€;5(p6,§))a>]
O+// 66 psé 55(p55) |dlv(u€5)\

Since @ < 1 and H. 5(p 5) is bounded in L>(0,T; L*(T?)), we control

[ 9ot (Bespes)®)] < oo i sl
0JTs

and we get then

T
[ pestoe) (Hes(pes))* < €4 |Hespes) 3 I (pes) 121
0JT
T o
b | (Hepe) " Nes(pe) iv(aes)
0JT

T
2
< C+ //3 (Ha,é(pa,é)) a)\sﬁ(pa,é) 1{p515>M0}-
0JT

In the right-hand side we have

20
(Hs,é (Ps,6)) Ae,5(Pe.6) Lip. s>M0)

2 +1
1 ¢ 207+

< (y—1)2@ (1 —p, 6)2a(»y D1p Pes 1{/)5,521\/!0}
(a=1)v+8

€,0

(y—1)= (He,5(pe,6))” pe,s(pe,s) € 0 $)oG-D75= 1o, s>nm0}-

For a« = (v — 8)/(y — 1), we have

(0—1)7+B=%>0, aly=1)+B—-y=0.

So, using the L*> bound on p. s, we obtain
20 a
(He5(pe,6))” Xes(pess) Lp. somoy < Ce® (He5(pe,5))” Pe,s(pe,s) Lip. s>m01,

with ¢ < € small enough, so that this term is absorbed in the left-hand side of the
previous inequality. Finally

(He,5(pe,s))” pe,s(pe,5) is bounded in L*((0,T) x T?).
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The previous bound allows us to show that (p:s(pes))s is even bounded in

LY*9((0,T) x T®) for some 6 > 0. Indeed, we have for p.s > 1 — & (see (36)

and the expression of p. 5(pcs) given in (27)):

€ _ _ _

He 5(pe.5)1p. 52101 = C 5 {(P;al — (=8 +(1=6)""6pes 1o s>1-6)
(1=0)""0pes Lp. >1-5)

9
5171/7

>C =
> C —— 6(pes(p (5))1/7 1
= s7—1 e,6\Pe, {pe,s>1-6}-

Observing that

1
5 (papes)) " Ly go1msy 2 €71 6) 2 71 =),
and introducing 7 = min(1,v — 1), we get that
g1/ 1/yq1— 1
He5(pes L. a0y > € o [0(pes (o) 7] " [0(pes(pe) 7] Lipsma-0)
gl=n/7(1 — §0)t=n /
P s—1-7 (ps,é(ps,é))n ! 1{p5,5>176}-

Hence
1
(HE,5(p€,6))aps,5(Pe,6) 1{,,51521_5} > 05750777 m (ps,é(ps,é))1+an/’y 1{p595>1—6}~

On the set {p. 5 < M} the pressure is of course bounded, so it remains to consider
the set {M° < p. 5 <1— 4§} on which we have

€ pz,g
v—1 (1 - 05,5)

. 51/7 ( (
= o 1 Pe,5 \Pe,6\Pe,s

He 5(pe,s) Lip. s<1-5) = = Lio<p. s<1-6}

—1
N Lasocp, 51y

))(7*1)

= CE,MO (pe,é(pe,é & 1{M0<p515<1—5}'

We obtain again a control of the pressure (we recall that v > 1)
(He5(0,6))"Pe,s(p<6) Laro<pe s<1-5y = Ce (5 (pe6)) ™ ppoc <16y
This concludes the proof of Lemma 4.4. O

4.1.2. Limit 6 — 0

First convergence resulls. Thanks to the estimates we have just derived, there exists
a limit density p. such that

Pes — pe  weakly-* in LDO((O,T) X ']T3)
and, passing to the limit § — 0 in (35) we get
(38) 0< pe(t,r) <1 ae. (t,z)€[0,T] x T
In addition, there exists a limit velocity u. such that

ue s — ue  weakly in L*(0,T; (H(T?))%)
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and, due to the continuity equation, we have
Pes — Pe In Cwear ([0, T), L™ (T?)) Vr € [1,+00).
To identify the weak limit of the nonlinear term p. su. s, we use the next compensated

compactness Lemma.

Levva 4.5 ([23, Lem.5.1]). — Let (gn), (hn) be two sequences converging respec-
tively to g, h in L™ (0,T; L9 (T?)) and L™(0,T; L9 (T?)) where 1 < 71,79 < 00 and
1/r1 +1/ra =1/q1 + 1/q2. Assume in addition that

(1) (O¢gn)n is bounded in L*(0,T; W="-1(T3)) for some m independent of n;
(2) lhnllpr gz s bounded for some s > 0.

Then gnh, converges to gh weakly in 2'((0,T) x T3).

We apply the result to gs = pes5, hs = ucs: we ensure the control of O:p. s
in L2(0,T; H~*(T?)) from the continuity equation, while (Vues)s is bounded in
L%((0,T) x T?) thanks to the energy inequality. Hence

e stes — peu.  weakly-* in L>(0,T; L°(T?)).
With the estimates on the pressure we deduce
Pe.s(pes) — pe(p) weakly in L ((O,T) x TS);

where h denotes the weak limit of the sequence (hs)s. Our next goal is to get the
strong convergence of the density p. s in order to identify the limit of the pressure
and the bulk viscosity which are non-linear functions of the density.

Conyergence a.e. of the density. — Thanks to the bounds on p. 5, u. 5, we can pass to
the limit in the sense of distributions in the renormalized continuity equation

5tpg,5 + div (pg,éue,é) = —Pg,a div ue s,
which reads at the limit
6t?§ + div (p?uE) = —p2 div ue.

On the other hand, the limit density p. € L°°((0,T) x T?) satisfies the renormalized
continuity equation

Oy p? + div (pzus) = —p*divu..
Defining ¥ := p2 — p? > 0, we have then
OV + div(Vu) = p? divu. — pZ divue in 9'.

By replacing div u. by its expression in terms of effective flux and pressure, the pre-
vious equation can be rewritten as

(39) OV + div(\I/u) = Pg Va(pE)Fa - pgya(pe)Fa + Pg pe(p)l’e(pa) - pgpe(p)l’e(pa)-
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REmARK 5. In the classical case of constant bulk and shear viscosities u%, \°, the
previous equation writes

Ol + div(Yu) = 5= (P2 Fz = p2F + p2p(p) — p2p(p)],

and one can prove some weak compactness property of the effective flux (see [23,
Chap. 5] or [31]). This property ensures that

pg FE = ngE7
so that

. 1 —
O+ div(Pu) = =g (2 p(p) — P2p(p))-

In the usual case where the pressure is a monotone (increasing) function, independent
of the parameter 0, then (see [31, Lem. 3.35])

(40) p2p(p) < p2p(p)
and
¥ + div(Pu) < 0.

We conclude by integrating over space

d

& T3
Recall that by the convexity of the functional s — s? we have U > 0. Hence, if initially
¥(0,-) = 0, we obtain

U <0.

U=0 ae (tz).

This ensures the strong convergence of (ps)s. Note finally that this calculation has
been extended by Feireisl in [17] to non-monotone pressure that are increasing only
from a critical density. In this case, one controls the part where the pressure is non-
monotone in such way that a Gronwall inequality can be applied to recover at the end
¥ = 0 a.e. We will see below that we will have to use with such kind of arguments
to prove the strong convergence of the density in case of density dependent bulk
viscosities. We refer the reader to [6] for recent developments on more general non-
monotone pressures.

Our study is original in two ways: first, we have here to deal with a density depen-
dent bulk viscosity, secondly, the pressure (as well as the bulk viscosity) depends on
the parameter of approximation §. We begin with proving some similar weak com-
pactness properties satisfied by the effective flux.

Prorosition 4.6. — We ensure the two following properties

2 2

P Fs 14 il : !

41 ( ) = ( ) F. n 9,
4D 2u+ e (p) 2u+Ae(p)/ "~ °

F. 1 —
42 = F, in 9',
“2) (2u+/\e(p)> <2u+/\s(p)> ="

where § denotes the weak limit of the sequence (gs).
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Proof. The proof of these properties follows again from Lemma 4.5 with h. 5 = F¢ s
and gl s = p2s5v-5(pes), 925 = Ves(pes). Let us check that we control the time
derivative of g! 5 and g2 5 that satisfy the renormalized continuity equations

(43) Oug 5(pes) + div (L 5(pe.s)tie.s) + ((92.5)' (p=0) pess = 92 5(pes) ) diveues =0
with

LY B 2p _ (Ae,é)g-(p)
(926)%(0) = 33 )~ Bt A ()2

(Ae5)’t (p)
(2u+ X 5(p))?

(93,5);(:0) = -

Recall that
eBpP1/(1 — p)Ptt if p<1-—34,

(Ae,é);(p) = {

hence
(M) () (Aes)’ ()
, <C1 + ozl s<1—
20+ Aes(p))? {pe.s<MO} (re.s(p))? {M°<p5,6<1/ o}
(44) (e s(p)? ~Hreszt =)
C B—1 c B8

<C+ ;(1 — De.s) 1ipogp. s<1-6y + ;5 1o s>1-6}
< C(e).

As a consequence, the g;(; and (92,(5)/ are bounded in L2((0, T) x ']I‘3) uniformly with
respect to  (but not uniformly in €, ¢f. Remark 6). By a Cauchy-Schwarz inequality

1((92.6)5 (Pe.s) pes — 9t 5(pes)) divuc s, .
< (9E5)'4 (e.6) pess — 9L.5(pes)lL2re |divue sll 22 < C
and, coming back to Equation (43), we get
atg;(;, 8tg§,5 bounded in L*(0, T; W51 (T?)).
On the other hand, we have
hes = Ses + (Ae,5(pes) divue s — pes),
which is bounded in L' (0,T; H!(T?)) since

IVSeslizzre < C(Iflp2ra + llue,s

L2H1).

Applying Lemma 4.5, we arrive finally at (41)—(42). O

Thanks to these properties, Equation (39) rewrites

0V + div(Vu) = p? Ve(pe)Fe — pg’/s(pe)Fa + pg Pe(p)ve(pe) — pgpe(p)ye(pe)
=F. (,03 ve(pe) — Pgl/s(pe)) + Pg Pe(p)ve(pe) — ,ngg(p)ug(pg).
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Let be 5(5) = pe.s(s)ve,s(5) = pe,s(5)/ (210 + Ae,5(s)). As we said before, our consti-
tutive laws depend on the parameter ¢ which prevents us from writing directly (40)
on b. 5. Nevertheless, for all § < §°, b_ 50(-) < be 5(-) then

ez liming Lo Pes(pes)
© N2+ A(pe) 5=0 2+ A 5(pe.s)

. PRsPeso(pes)
— liminf 2

Pe(pe)
) 5-0 24+ Az 50 (pe,5)

<p2 (i —
Pe (2M+)\a(pe)

Since moreover v > 3, the function b, so is increasing for any 0% > 0 and it follows
that (see for instance [31, Lem. 3.35])

2 () g Pharestocs)
©\2u+ Ac(pe) 50 2p+ A 5(pe.s)

2 e s) e, 0( a)
NG [(2ui<§e(p5)) - <2up+ (;‘E,(/S)O(pE))] -0

where the last equality holds due to the strong convergence in L'((0,T) x T?) of
bes0(p) to be(p) as 6° — 0 (this follows from the equi-integrability of the singular
pressure and then from the equi-integrability of bs). We get then by integration in

space

d .
S L < [ - e
T3

T3
with

|P20e,5(pz,6) = P2 57,6 (pes)| = ves(p=0) |2 — p2s| < C |2 —p2s
thanks to Lemma 3.2. Letting 6 — 0 we get

[ F e - vt < € [ [l - 72
T3 T3
<c [ m@E-#)=c[ mw.
T3 T3

Since |Fz| € L*(0,T; L% (T?)) and since / T(0,-) = 0 (the initial data does not
T3

depend on §), we conclude by Gronwall’s Lemma that
=0 ae
As a consequence, there exists a subsequence (still denoted p¢ 5) such that
pe,s — p= strongly in L7((0,T) x T?) Vg € [1,+00).

Limit of the singular laws. From the strong convergence of p. s and the fact that
pe < 1 a.e. (see (38)) the following convergences hold

Pe6(pes) — pe(pe) strongly in L'((0,T)) x T?),

Ae,5(pe,s) — V/Ae(pe) strongly in LQV/ﬁ((O,T) x T?).
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Limit in the weak formulation of the equations. We can now pass to the limit in the
weak formulation of the mass and momentum equations. The only delicate term to
deal with is the bulk viscosity term A; 5(pe, ;) div ue 5. We use the strong convergence of

V/Ae,s(pe,s) towards \/Ac(p:) in L2((0,T) x T?) combined with the weak convergence
in L2((0,T) x T?) of divuc 5 to get

£/ Ae,5(pe,s) divue s — VAc(pe)divu,  weakly in L*((0,T) x T?).

Since \/Ac.5(p-.s) divu s also converges weakly in L2((0,7T) x T?) (from the energy
estimate), we deduce that the previous convergence holds in L?((0,7) x T?). Using
once again the strong convergence of 1/ Az 5(pe,5) we obtain the weak convergence of
the whole bulk viscosity term

/\5,5(/)5,6) div Ue,§ = \/)\s,é(ps,5)\/)\s,6(ps,5) div Ug, s — Ae (ps) div e
in L'((0,T) x T?).
Finally, the limit (pe, uc) is a global weak solution of the system

Orpe + div(peus) =0,
Vpe(pe) — V(Ac(pe) divue) — 2div(puD(ue)) + rue = f,
0<p. <1 ae (0,7T)x T3

In addition, we have the energy inequality

T
(45)  sup H.(pe) // Ae(p2)) |divue|? + // |curl u, |2
tef0,7] J T3 T3 :
+// el < [ )+ 2 W Baorsmny:

where

4.2. CoNGESTION LimIT € — 0

4.2.1. Uniform estimates in €. — From the energy estimate (45), we deduce the con-
trols of different quantities uniformly with respect to the parameter

(H(p:))_ is bounded in L>(0,T; L'(T?)),
(ug)s is bounded in L?(0,T; (H'(T?))?),
(\/)\E(pe) div ug)E is bounded in LZ((O,T) X ']I‘3).

Control of the pressure

Lemma 4.7. — Let (pe,ue) be a global weak solution to (1) with v > 8 > 1. Then,
there exists a constant C' > 0 independent of € such that

1P (pe)ll L1 (0,myx13) < C.

JEP — M., 2019, lome 6



COMPRESSION EFFECTS IN HETEROGENEOUS MEDIA /|57

Proof. Let us consider in the weak formulation of the momentum equation the test
function

Y= VA_I(pE - <p5>)'

The resulting equation writes

//]1‘3 DPe pa pa
// 2u + A (pe )le(’U,E) Pe ps // — TUg) -
T3 T3

Using the controls resulting from the energy inequality and the maximal bound on
the density p., we get then

// pe(pe) (pe — (pe))

Clla) / / V@ M)V 2t (o) div(us)|

(”*//Ts (240 + Ae(pe)) ldiv(ua)| + // 2+ Ae(p2))

<O+ 5/ A(p2)
0JT3

for some n > 0 determined below. The integrals of the singular terms can be split
into two parts depending on the value of p.. Recall that <p€> = <pg> is far from 1
uniformly in e (cf. (4)), and the functions p.(pe), Ae(pe) are bounded on the domain
{p- < (14 (p))/2}. Therefore:

T
// Pe(pe) (P = (Pe)) Lip.>(114pe))/2)
0JT3
T
<C- /0/TP P(p=) (pe = (Pe)) Lip.<(144p.1)/2)

1 /T n
+7// Aa(ps)l{pg<(1+<pa>)/z}+*// Ae(Pe) Lipo>(14(p2)) /23
2 0 ']1‘3 2 0

T
n
<C+5 // Ae(Pe) Lp.>(14(pe)) 2}
0JT3

Since 8 < -y, we have in addition that

1 +< >)f3*W€( Pes

Ac(pe) Lip.>(1+(pe) /21 = ( —{p2) 1—pes

< Pe(pe) Lip. > (14(pe)) /2}-

y
) Lip->(14(pe))/2)

Now, with n = (1 — M?)/2,
1—{p T 1—Mm° (T
<E>// Pe(pe) Lipo (11 4po) 2y < C + // Pelpe) 2400120
2 0JTs 4 0/1°
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and recalling that we have

1= (pe) 1 () 1M
2 o 2 -9

due our assumption (4)3, we control the integral of the pressure on {p. > (1 + (pc))/2}

1— MO0 (T
1 // Pe(Pe) Lip.>(11(pe)) /2y < C
0JT3

Finally, since the pressure is bounded on {p. < (1 + {p.))/2} (far from the singular-

ity), we get

(p<(p<)), bounded in L'((0,T) x T?)
which ends the proof. O
4.2.2. Limite — 0. — With the previous uniform bounds we deduce that there exist

a limit density p and a limit velocity u such that

pe — p weakly-* in L>((0,7) x T?), p(t,z) <1 ae.,
u. — u  weakly in L?(0,T; (H'(T?))?),

and we pass to the limit in the nonlinear term p.u. thanks to the compensated-
compactness lemma 4.5:

pette — pu  weakly-* in L°°(0,T; L°(T?)).
The boundedness of (p-(p:))e in L*((0,T) x T?) yields
pe(ps) — p weakly in ., ((0,T) x T?).
On the other hand, we have
Ae(pe) < Ce 1y, capoy + C 7 (pe(p2)) "7 14, oaroy

with 8 < 7, so that A.(p.) converges strongly to 0 in LY/#((0,T) x T?). Hence,
/A< (pe) converges strongly to 0 in L2((0,T) x T?) and

Ae(pe)divu, — A divu =0 in 2.

Finally, it remains for us to prove that sptp C {p = 1}. First, let us assume that there
exists a set A C {p < 1} with non-zero measure such that lim._,q p-(¢t,z) = 1 for
(t,z) € A. Then, since p. converges weakly to p in LI((0,T) x T?) for all ¢ € [1, +0c0),

we have
T T
// IOE]‘A—>// P1A>
oJTs oJT3

which leads to a contradiction since

T T
// pela — |A| while // pla <|Al
0.J713 0.J13
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Hence, there does not exist such A. Let us assume now that there exists a set B C
{p < 1} such that p(¢,x) > 0 for (¢,2) € B. Then, the weak convergence of p.(p:)
to p gives, for any ¥ € €>°(B), ¥ > 0,

/OT/W Ppe(pe)¥ — (p, W) > 0.

In view of the definition of p., we infer that there exists a subset A C B with non-
zero measure such that lim._,o pc(¢t,2) = 1 for (t,2) € A (otherwise we would have
pe(pe) — 0 a.e. on B). By the previous argument such a set A does not exist, and we
conclude that |B| = 0. Therefore

(46) p=0 ae. on{p<1}.
The limit system reads in this case

Op + div(pu) =0,
Vp —2div(pD(u)) + ru = f,
0<p<1l, sptpC{p=1}, p=0,

where the memory effects are never activated.

Remark 6. Note that, unlike the previous limit § — 0, we do not ensure the strong
convergence of (p:) to p. The problem relies in the lack of uniform estimates (see
Equation (44)) which prevents the derivation of the weak compactness properties
on F.. Nevertheless, as explained before, we are able to identify the weak limit of the
nonlinear term p.u., and to pass to the limit in the mass and momentum equations
without the strong convergence of (pc)e.

5. DOMINANT BULK VISCOSITY REGIME 1 < v < 3

Let us now consider the case where 8 > ~. If the approach proceeds formally in the
same way as before (regularization of the system by truncation of the singular laws
and study of the behavior as &€ — 0), we have here to adapt the arguments to get the
appropriate uniform controls in ¢ and e. For that purpose, we shall distinguish in the
estimates three cases: y < f—1,7y=pf—1and f—1 <~ < 8 that correspond to the
sub-cases presented in Theorem 1.4. In these three cases, we are not able to control
the bulk viscosity coefficient A\, from the pressure p.. Nevertheless, we will see that
Equation (26) enables to pass to the limit € — 0 in the two cases v € (8 — 1, 8] (no
memory effects at the limit), v < 8 — 1 (memory effects).

51. Case f—1<vy< B, v>1

5.1.1. Existence of weak solutions at € fixed. — We consider the same regularized sys-
tem (29) with the truncated pressure (27) and bulk viscosity (28) as in the previous
section. Recall that we ensure from Lemma 3.2 the following properties on v:

3 Cl; Cy >0 s.t. ||Vs,5(p6,5)||L;’f’z < Ol; / Vs,é(ps,é) > Cs.
) T8
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1 s

Lemva 5.1, Let (pe,5,ue,5) be a global weak solution of the compressible Brinkman
system (29) with v < 8. Then,

[Ae,s(pe,6) I ((0,7)xm2) H[Pe,s(Pe,6) | L1 (0,7 x2) F [ Ae 5 (0e,6) div ue sl L1 0,7y x12) < C

where C' does not depend on § or e.

Proof. — Starting again from the equation on A.s (34), using (24) to replace
Ae,s divu, 5, and integrating in space we have

d

— As,&(p6,5)+/ De,5(pes) < C(lISs,aHLl +/ Pe,6(Pe,8)Ve,5(Pe,s) Lp. s<rr0)
dt Jps T3 T3 '

+ /3 ps,é(ﬂs,a)Vs,é(Ps,é) 1{M0<p5,5}>
T

c c
SO+ C/T3 Lip. s<aroy + /T3 = po)F HMo<pessia) + /W 577 Hpes>1-0)

for some constant C' independent of §,e. Now, since v < 8, we can bound uniformly
in §, e the right-hand side and therefore

(A£,5(pa76))5 is bounded in L>(0,T; Ll(TB))’
(p.s(pe.s)) 4 is bounded in L*((0,T) x T?).

We have as a byproduct (see Lemma 3.3)

(Ae.5(pe,5) divue 5) 5 bounded in L'((0,T) x T?). O

Uniform upper bound on the density. — Proposition 4.3 still holds in the case v < f:
there exists C' which does not depend on ¢ such that

(47) llpesllLes, <P < o0
Levma 5.2, For any t € [0,T], we have
(48) meas {z € T?, p.s(t,x) >1 -5} <C(e) 671

Proof. — Since initially we assume (16), we can mimic the proof of (35) by using A, s
instead of H. s:

C > sup Ac5(pe.s) 2/ Acs(pes) Lip. 5>1-6)
TS

tef0,7)J T3
€ _ _ _
>0 T3 68 [(pfﬁl - (1 - 6),8 1) + (1 - 5>B 16] Pe,s 1{Ps,5>175}
€
>C T3 581 [(1 - 5)[3} lep s>1-61- O

As explained in the previous section, passing to the limit in the weak formulation
of the equations requires additional estimates on the singular laws.
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Lemva 5.3. Let (pe,5,ue,5) be a global weak solution of the compressible Brinkman
system (29) with v € (8 — 1,8]. If initially (16) is satisfied, then there exist two
constants Ct > 0 independent of §,¢, and C? > 0 independent of &, such that

1Ac.5(pe.s)ll Lo 0,752 (13y) < C,

192,5(pe.5) | L1+-1 /7 0,7y x19) + [Ae.8(Pe.6) | Lt +v—118 0,7y x12) < C2.
Proof. — Taking b(s) = (Ac,5)(s)? in (31) we get

O (AE,J(P5,5))2 + div ((As,a(pg,(s))2ue,5)

(49) = - [pe,é(Ae,é)gr(pe,é)Aa,é(pe,é) + Ac5(pe,5)Ae,5(pe,s) | divue 5
pes(Mes)) (pes) |
e Rt b Bt i i it b 1 Ag e )\5 e d s
[ Ae.5(Pe,s) + } 5(pe.6) e 5(pe,s) divue s
where
EPAGNCES
e (B-pp pc1s
‘ 1-pP  p-1
(Aes)(p) = 5
< —(1-9)"
£ Pp ( fhe1ls

5B 5—1
which is such that
Pe,s (A€,5)/+(p5,5) < B

0< < .
Ae.5(Pe.s) g1

Recall now that
Aes(pe5) divue 5 = pes(pes) + S — 2p divue s
1 .
+ 3 / ()‘675(p€,5) div Ue 5 — ps,é(ps,é))
T3] Js

that we can replace in (49). Integrating next in space, we obtain (recall that8 > 1)

d 2
G [ AsCos)®+ [ Aslpes)pes(pes)
T3 T3
25 -1 26 -1 ,
< ;_ ; /T Acs(pe,s) [Ses] + 2 BB— - /T A s(pe,s) |divu o]
286—1 1 .
+ IB 1 m (/T‘a Ag,&(/%,&)) ’(A3 ()\5,5(/)5,5) leuE,(; —p&&(pg’é)))‘
= Il + .[2 + Ig

By a Cauchy-Schwarz inequality, we have
. 2
Bt I < O(ISeallfs + livacslfe) + [ (Aes(es)
T3

while, due to the previous estimates,

T
/ I < ClAcs(Pes)llzoe st (hes(pes) divae sllizs + pes(pes)lziss)-
0

JEP. — M., 2019, tome 6



462 D. Brescm, S. NeCasovA & C. Perrin

We conclude then with a Gronwall inequality (recall that initially we assume (16))
and get

2 2
sup / (As,é(ps,ti)) + / As,&(ps,ﬁ)ps,ﬁ(peﬁ) < c+C (Ae,ﬁ(pg)) .
tefo,7] JT3 T3 T3

With the control of Ac 5(pz,5)pe,s(pe,s) in L*((0,T) x T?), we deduce that

1
HW 1{p5,5<1—5}’ I < C(e),
and
P
=)
‘ SyHB—1 1{p5,5>1—5}’ o < C(e),

since (see Lemma 5.2 and (47))

Acs5(pes) Lp, s>1-5) = E(gﬁ%f)ﬂ and  ||pe 5|z~ < C.
Hence,
(pe.5(pe.5)) 5 is bounded in LYHB-D/7((0,T) x T?),
(50) (Ae.s(pe.5)) 5 is bounded in LOHA=1/B((0,T) x T).

We emphasize the fact that these controls are not uniform in €. This is due to the
fact that the pressure p. and the bulk viscosity A are “more singular” than A, close
to 1 (since v, 8 > 8 —1). O

Remark 7. — We assumed in this case that v > 1 which enables, thanks to (50), to
bound . 5(pe.s) in L1((0,T) x T3).

Limit 6 — 0. — We can pass to the limit in the weak formulation of the equation
except in the non-linear terms. As in the previous section, we need to prove the strong
convergence of p. 5. Note first that the results of Proposition 4.6 still hold:

2 B o
(2Ni§z(p)) - (2M+p)\€(p)) . in?,

(2u +F;s(p)) B (2u +1/\e(p)) S

Hence, for ¥ = p2 — p? > 0,

oV + diV(‘Ilu) = E (P? V&(ps) - pgl/a(pe)) + pg pa(ﬂe)”a(ﬁa) - ngs(pa)Va(Ps)-

where, in this case, the function s — b. 5(s) = pe s(s)ve,s(s) is non-monotone. In fact
it is not a problem, because b, s is now bounded and we can then treat it as the first
part of the right-hand side. We obtain similarly:

d

3 [rer<c [ (m+nwe),

T3
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with |F.| € L'(0,T;L°(T?)) which yields again ¥ = 0 by Gronwall’s inequality.
The strong convergence of the density is thus preserved in this case. In addition, due
to (48), we ensure that the limit density satisfies

(51) 0<p:<1 ae.

We can then pass to the limit in all the terms of the equations. In particular, for
the bulk viscosity term, the strong convergence of p. s and (51) imply that A. s(pe,s)
converges strongly to A.(p.) in LOTA=1/8((0,T) x T3). As in the previous section we
deduce that

)\6,5(/)6,6) div Ue 5 = \/)\5,6(95,5) \/)\5,6(,05,6) div Ue, 5

converges weakly to A (p.)divu. in L9((0,T) x T3) for some g > 1.
Finally, we pass to the limit in (34) (recall A, 5(p- ) is bounded in L*>(0,T; L*(T?))
so that A, 5(pe.s)ue.s is bounded in L2(0, T; (L?/2(T?))%)):

(52) FiAc(p2) + div (Ac(p2)uc) = =A-(pe) divue.
5.1.2. Limite — 0. At this stage, we control uniformly
(p). in L®((0,T) x T?),
(ue), in L*(0,T; (H' (T%))%),
(Acpe)),  in L%(0,T; L*(T?%),
(p=(p)), in L'((0,T) x T?),
(Ae(pe) divus)E in L'((0,T) x T?).
Therefore
pe(pe) —p in A ((0,T) x T?
and
Ae(pe) divue — T in .Z((0,T) x T?).
On the other hand
Ac(pe) < Celyp <oy + Cel=B-/7 (175(95))([3_1)/“Y 105 01,

with v > B — 1, so that A.(p.) converges strongly to 0 in LY/8#=1((0,T) x T%) (and
thus in L?(0,T; L5/5(T?))). Passing to the limit in (52), we have then

II=0.
As a consequence, we conclude that the triple (p,u,p) is a global weak solution of
Op + div(pu) =0,
Vp—2div(uD(u)) +ru = f,
0<p<1, sptpC{p=1}, p=0.

52. Case 1 < v < B —1. — In this case, we expect the activation of the memory
effects in the limit ¢ — 0.
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5.2.1. Euxistence of weak solutions at € fixed. First we observe that Lemma 5.1 still
holds in this case, so that
(Agﬁ(pa’g))& is bounded in L> (0,7 L' (T?))
and, since v < 8 — 1,
(pg,g(peyg))é is bounded in L (0, T; L#~V/7(T3)).
With this control of the pressure and the energy estimate, we deduce from Lemma 3.3
that

(/\5)5(p575) div ’U,E)(;)é is bounded in L2 (0, T; [min{2,(8-1)/7} (T3)).
Uniform upper bound on the density. The same arguments as before show that
l[pe,5llL3e, <P < o0,

and
meas {z € T?, p.s(t,z) >1-6} < C(e) 6P

Additional integrability on A¢ s

Levmma 5.4. — Let (pe,5, ue,5) be a global weak solution of the compressible Brinkman
system (29) with 1 < v < B — 1. If initially ||Ac(p0)||z2 < C, then there exist C* > 0
independent of 6,e, and C2 > 0 independent of 8, such that

Cl
C2.

1Ac,5(pe,s) oo 2 + |1Pe,6(pe,6)l oo L2065 -1/

NN

[Ae.6(pe.6)ll Loop2c8-1)/8

Proof. — We can reproduce exactly the same estimate on (Aw;(pm;))2 by taking
b(s) = (Ac5)(s)? in (31). We obtain
2 2
sup / (Acis(pes)) +/ Ac,5(pe,s)Pe,5(pe6) <C+C/ (Acs(pD))".
te[0, 7] JT3 T3 T3

Hence
(Ac,5(pe.s)) s is bounded in L>(0,T; L*(T?)),

and consequently
(ps’(;(pej(;))5 is bounded in L*°(0, T} Lz(ﬁfl)/w(’]I‘S))7
(Ae5(pz,5)) 5 is bounded in L°°(0,T; L2P=1/5(T%)),

This latter control on A.(p.) being not uniform in e. O

Remark 8. We assumed in this case that 1 <y < 8 — 1, so that 8 > 2 and
23— 1)

B
The bulk viscosity coefficient ()\5,5(p5’5))6 is then bounded in L*((0,T) x T?).

> 1.

Limit 6 — 0. We can pass to the limit in the weak formulation of the equations exactly
in the same way as before. We show first the strong convergence of the density and
use then the control of v/A: 5(pe,s) in L?((0,T) x T?) to identify the limit of the bulk
viscosity term:

Ae,s(pe,s) divue s — Ac(pe) divue  weakly in LY'((0,T) x T?).
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5.2.2. Limit e — 0. Thanks to the uniform controls of the singular quantities, we
ensure the following convergences

Ac(pe) — A weakly-* in L>(0,T; L*(T?)),
Ae(pe) divue — TT weakly in .2((0,T) x T?).

Invoking similar arguments as those used to obtain (46), we can get
spt A C {p =1},
or, written differently (the product pA making sense almost everywhere):
(I-p)A=0.
On the other hand, we have v < § — 1, which yields
p-(ps) — 0 strongly in L'((0,T) x T?).

Compared to the previous case, the limit A is not 0 and we close the system by passing
to the limit in

OrAc(pe) + div(Ac(pe)ue) = —Ac(pe) div u,.

Here, (A.). is controlled in L°°(0,T; L?(T?)) and 10:Ac| w11y < C, while (u. ). is
bounded in L2(0,T; (H*(T?))3). We can then pass to the limit in the product A (pe)ue
thanks to Lemma 4.5 and get the limit equation

A + div(Au) = —II in 2.

We have thus justified the activation of memory effects in the congestion limit. The
tuple (p,u,m, A) is finally a global weak solution of

Op + div(pu) = 0,

—VII — 2div(uD(u)) + ru = f,
O A + div(Au) = —TI,
0<p<l, A=pA=0, A>0.

53. Case 1 < v =0 -1 The estimates remain mostly unchanged compared
to the previous case v < f — 1. Nevertheless, in the limit € — 0, we do not have
the convergence of p.(pe) to 0 anymore and p.(p.) converges now to p = (8 — 1)A.
The limit system then writes

Op + div(pu) =0,

(8—1)VA — VII — 2div(upD(u)) + ru = f,
O\ + div(Au) = 11,

0<p<l (I1-pA=0, A>0.
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