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Abstract

In this paper we apply the methods of homogenization to the full Navier-Stokes-Fourier system
describing the motion of a general viscous, compressible, and heat conducting fluid. We study the
asymptotic behavior of solutions in perforated domains with tiny holes, where the diameter of the
holes is proportional to their mutual distance. As a limit system, we identify a porous medium type
equation with a nonlinear Darcy’s law.

Abstract

Dans cet article, nous appliquons les méthodes d’homogénéisation au systeme complet des équationsfj
de Navier-Stokes-Fourier décrivant le mouvement d’un fluide général, visqueux, compressible et con-
ducteur de chaleur. Nous étudions le comportement asymptotique des solutions dans un domaine
perforé par de petits trous dont le diameétre est proportionnel & leur distance mutuelle. Nous obtenons
a la limite une équation de type milieux poreux avec une loi de Darcy non linéaire.
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1 Introduction

Many equations and systems in continuum fluid mechanics can be identified with a singular limit of
the full Navier-Stokes-Fourier system governing the motion of a general viscous, compressible, and heat
conducting fluid. The aim of homogenization theory is to describe the macroscopic behavior of micro-
scopically heterogeneous systems. In the present paper, we study the asymptotic behavior of solutions to
the Navier-Stokes-Fourier system in perforated domains with tiny holes. We focus on the case, where the
diameter of the holes is proportional to their mutual distance. This problem is nowadays well understood
in the case of the Stokes system. As shown by Tartar [28] (see also Keller [19], J.-L.Lions [20], Sanchez-
Palencia [27], among others), the asymptotic limit gives rise to the classical Darcy’s law. These results
were later generalized to the incompressible Navier-Stokes system by Allaire [1], [2], [3], [4], Mikeli¢ [25])
(cf. also Berlyand and Khruslov [6], Ciordnescu et al. [8]). For extensions to random distribution of
the holes see Belyaev and Kozlov [5]. Recently, Masmoudi [22], [24] adapted these methods to models of
compressible barotropic fluids, with low Strouhal number. Our goal is to extend these results to general
viscous, compressible and heat conducting fluids.

Following the philosophy of Allaire [2], Ciordnescu and Murat [10], [9] we introduce an abstract
framework through hypotheses [H1] - [H5] in Section 2, imposed on a family of perforated domains
{Q}e>0. Specifically, we consider a bounded regular domain 2 C R?, together with a family of “holes”
(solid objects) { By }yezs such that BE ) C R? are regular domains, and

Bf) C BE ) C eCy, with Ci = (0,1)° + k, k € Z°. (1.1)
Finally, we set

Qe = Q\ | {B: | eCu € Q}, and B =eCi \ B: . (1.2)

1.1 Primitive system

We consider a scaled Navier-Stokes-Fourier system in the form

£20;0 + div,(ou) = 0, (1.3)
£20;(ou) + div,(ou ® u) + V,p(o,9) = div,S, (1.4)
£20;(0s(0,9)) + divy(os(0, ¥)u) + div, (%) =3 (1.5)

in the space-time cylinder (0,7 x €., where g is the fluid density, u is the velocity field, ¥ stands for
the absolute temperature, p is the pressure, S denotes the viscous stress determined through Newton’s
rheological law

S = u(v) (qu +Via-— idivxuﬂ> + n(9)div,ul, (1.6)
q denotes the heat flux given by Fourier’s law
q = —k(9) V0, (1.7)
s = s(p,¥) is the specific entropy, and ¥ is the entropy production rate satisfying

q- V.9
¥ > .
> : )
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The inequality sign in (1.8) is a peculiar feature of the concept of weak solutions introduced in [12]
and adopted in the present paper. However, it is easy to check that (1.8) reduces to the classical relation

1 ' q- V.o
2—19<S.un 3 )

as soon as the system is energetically insulated (cf. the boundary conditions (1.9), (1.10) below) and the
solution is smooth (see [12]).
Finally, we impose the no-slip boundary conditions for the velocity field

ufpo. =0 (1.9)
and suppose the boundary is thermally insulated, meaning,
q-nfoe, = —K(0)Ve? - nlse, =0, (1.10)

where n denotes the unit normal vector to 9€)..

1.2 Target system

The parameter €2 in system (1.3 - 1.5) is termed Strouhal number that is proportional to the characteristic
length of the physical system and inversely proportional to the product of the characteristic velocity with
time. When the Strouhal number is small, the fluid approaches an equilibrium state. In the presence of
small “holes” in the underlying physical space, however, a suitable change of scale gives rise to a porous
medium like equation, where the spatially homogeneous temperature field is interrelated to the density
through a total energy balance equation.

To be more specific, we introduce an extension operator

h(zx) for x € Q,

h (h) (z) = (1.11)

W},d fBaf’k h(x) dz for x € QN B2,

for any h € L'(Q.), where the sets B?,, Bg’k have been introduced in (1.1).
Let {0e, ue, Y }eso be a family of weak solutions to problem (1.3 - 1.10). Our aim is to show that

(0:) = 0 in L*((0,T) x Q),
(¥.) — © in L2((0,T) x ),
Y — U weakly in L2((0,7) x &;R?),

where © = O(t) > 0 is a spatially homogeneous function. Moreover,

Oio +div,J =0, (1.12)

2u(0)A[J] = =V, P(0,0), (1.13)

E(t) = / 0e(0,0)(t, ) de = & for all ¢, (1.14)
Q



where P satisfies
P(e,9) _  dp(e,?)

do e do
e = e(p,¥) is the (specific) internal energy interrelated to p and s through Gibbs’ equation

9Ds(0,9) = De(o,9) + plo, 9)D (;) , (L.15)

and A denotes the so-called permeability matriz, the form of which is determined by the specific shape
of the holes (cf. hypothesis [H2] below).

A similar problem for the isentropic Navier-Stokes system, where p = p(9) = ag”, and p, n are positive
constants, was studied by Masmoudi [22]. Comparable results for the full Navier-Stokes-Fourier system
were obtained in [15] on a fixed spatial domain, where the effect of “holes” was replaced by a singular
friction term in the momentum equation (1.4).

The present problem requires a non-trivial extension of the methods developed in [15], [22]. To begin,
the assumptions imposed on the pressure in [22], namely p = ap”, with v > 3, are quite strong and
rather inconvenient from the physical point of view. Moreover, the influence of the temperature on the
pressure gives rise to an additional difficulty when showing strong convergence of the densities. Indeed,
in sharp contrast with the situation that appears in the existence theory, the temperature field is known
to converge only weakly at the moment when the strong convergence of the densities is to be established.
To overcome this stumbling block, we introduce a concept of oscillations defect measure, reminiscent of
that used in [15]. Last but not least, we introduce a “weighted” analogue of Necas’ lemma in order to
handle the temperature dependent viscosity coefficients.

The paper is organized as follows. In Section 2, we introduce the abstract framework of the theory,
recall the definitions of the weak solutions for both the primitive and target system, and state our
main result. Section 3 summarizes some preliminary considerations concerning functionals defined on
perforated domains. In Section 4, we derive uniform estimates on the family of solutions to the primitive
system independent of €. Sections 5, 6 represent the heart of the paper. We introduce the oscillations
defect measure and prove strong convergence of the density and temperature. The proof of the main
result is completed in Section 7.

2 Main result

To begin, we introduce the abstract framework of the theory through the following list of hypotheses
imposed on the family {Q.}.>o defined in (1.1), (1.2).

[H1] Uniform volume fraction. There exists o € (0,1) such

BBl

e—0 |5Ck| B e—0 83

= o uniformly for k € Z°. (2.1)

[H2] Boundary layer test functions. There exist families of functions {wZ}.~0, {vZ}es0, {¢?}e>0,
and a matrix A € L>(Q;R?) (permeability matrix), such that

v e Whe(Q;R?), ¢ € WHe(Q,); (2.2)

divy vy = 0in Q, (g2 (| oo (o, r?) + 5(||VmV?||Loo(Q;R3XS) + |\qug||Loo(QE;R3)) <G (2.3)



—e2AV" 4 eV,q" = w" in D'(Q.; R?), (2.4)

with ‘
Wi € LX(QuiRY), [[w? — Ale"| 2 g ms) — 0 a5 £ — 0, (2.5)

vl — e weakly-(*) in L®(;R?) as e — 0, (2.6)

where €, n = 1,2,3, is the canonical basis of R?.
[H3] Restriction operator. There exists an operator R. with the following properties:

R. is a bounded linear operator on W12(Q;R?) ranging in Wol’2 (Q;R?),
Re[w] = wlq, provided w =0 in Q \ €;
div,w = 0 in Q implies div,R.[w]= 0 in Q;
IRl 2 ) + €N VaRe W]l g, o) < (Wl gz sy + €N VaWl o oy ) (27)

In addition, we assume the restriction operator R. satisfies a compatibility relation with the extension
operator introduced in (1.11), specifically,

<Vz<h>;<,0>5/

(h) divgp dz = / hdiv,(R.[¢]) dz for any h € L*(Q.), ¢ € C(9). (2.8)
Q

QE

[H4] Bogouskii’s operator. There exists a linear operator B, with the following properties: If f €
LP(Q.), then w = B.[f] satisfies

1
we WhP(Q,), div,w = f — ol / f dz in Q., w|gqa. = 0.
€ Q
Moreover,
elBe[fllwrr gy < cllfllLe.), 1 <p<oo. (2.9)

If, in addition f = div,g, g € LI(Q;R?), g - n|gq, = 0, then
1B [flll Lo m?) < cllgllLoo.rey, 1< g < oo, (2.10)

where the constants in (2.9), (2.10) are independent of €.
[H5] Uniform bounds for Stokes’ problem. Let 1 < p < co. For any f € LP(Q.;R?), the Stokes
problem

—Av+V,q=f1, div,v=0in ., v|sq. =0, / gdz =0 (2.11)
Qe

admits a unique solution v € W2?(Q.;R?), ¢ € WHP(Q.) satisfying
1AV]Lr@o) + Vadll oo, re) < llfllio.rs): (2.12)

Similarly, if f € W~1?(Q,; R?), problem (2.11) admits a unique solution v € W, ?(Q.;R?), ¢ € LP(Q.),
and

Hva”Lé’(QE;R3X3) + Hvxq”W*lvP(QE;RL;) < CHf||W—Lp(Q€;R3)7 (2.13)

where the constant ¢ is independent of ¢.



The above hypotheses deserve some comments. To begin, let us point out that [H1] - [H5] are satisfied
at least in the simplest case of periodically distributed holes sharing the same shape after scaling. More
precisely,

B ) = e(B° + k) for a smooth domain B* C B* C (0, 1)3. (2.14)

The meaning of [H1] is obvious. The existence of the special test functions introduced in [H2] was
discussed by Allaire [2], Cioranescu and Murat [10], [9], among others. Note that in the simple case of
periodically distributed holes described through (2.14), the functions v, ¢” can be obtained by means
of a simple scaling v = v(z/e), ¢& = q(x/e), where v™, ¢ are solutions of a non-homogeneous Stokes
problem, supplemented with periodic boundary conditions on the unit cell (0,1)% (cf. Masmoudi [22],
Mikelic [25)).

The restriction R. operator was introduced by Tartar [28]. His construction was later used by Avel-
laneda et al. [21] in order to establish the compatibility relation (2.8) in the purely periodic framework
described in (2.14). Tartar’s construction can be easily adapted to a more general distribution and shapes
of the holes, however, some uniformity of their mutual distance and smoothness of the boundary are still
necessary in order to keep the constant in (2.7) independent of € (cf. Allaire [2]).

There are many ways how to construct the operator B, appearing in [H4]. An explicit formula that
applies on any Lipschitz domain was proposed by Bogovskii [7]. The uniform bounds required in (2.9),
(2.10) can be derived by the methods of Galdi [17]. If the holes are given by (2.14), the relevant estimates
were deduced by Masmoudi [22], [23].

The uniform bounds (2.12), (2.13) concerning the solutions of the Stokes problem (2.11) represent a
non-trivial issue. They were established by Masmoudi [23] in the purely periodic case (2.14), however, any
extension to a more general class of perforated domains seems far from being straightforward. A weaker
version of (2.11), (2.12), with ¢ &~ =%, @ = |3/2 — 3/p| can be proved by means of local regularity for
the Stokes problem (see Farwig et al. [14], Masmoudi [22] ). As a matter of fact, these weaker estimates
are still sufficient for the proof of our main result stated in Theorem 2.1 provided we assume v > 2 in
hypothesis (2.16).

2.1 Structural hypotheses on constitutive equations

Motivated by certain models in astrophysics (see Van Wylen and Sonntag [29]) we consider a state
equation for the pressure in the form

€
p(0,9) = pe(0) + po(e)d + 9", (2.15)
where
pe € C*0,00), pe(0) =0, p.(0) > a0, pelo) < c(0” +1), witha >0, v>2, ¢>0 (2.16)
2
po € CL[0,00), pa(0) =0, ply >0, py(o) < c(0® +1), for 0< 3 < 3" ¢C > 0. (2.17)

We point out that the presence of the (small) radiation component (g/3)9* is essential in the ezistence
theory (cf. [12]) but entirely irrelevant in the analysis of the singular limit. The reader may consult [12]
for more details concerning the physical background of the state equation (2.15).

Accordingly, the (specific) internal energy can be taken in the form

4
ec(0,9) = b0%% + P.(0) + a%, b>0, (2.18)



where

e
P.(0) = / Pe(2) o, (2.19)
1 z
while the (specific) entropy reads
493
se(0,0) = 3bV9 — Py(o) + 35 (2.20)
with ¢ o)
z
Py(o) = / p; dz. (2.21)
1

In (2.18), the function ¢, () : ¥ — (3/2)bV/0) represents the specific heat at constant volume. The
specific form of this quantity simplifies considerably future considerations but the main result of this paper
can be extended to more general constitutive relations including the standard choice ¢, (9) = const > 0.

Finally, we assume that the transport coefficients p and k are continuously differentiable functions of
the absolute temperature ¢ € [0, 00) such that

peWhHe0,00), 0< p(l+9) < p(v), (2.22)
0 < w(1+9%) < k() <E(1+09?) (2.23)

for all ¥ > 0, where u, k, and K are positive constants. For the sake of simplicity, we take the bulk viscosity
coefficient n = 0, however, our method applies with minor modifications provided 7 is a continuously
differentiable function of ¢ satisfying

0 <n() <1l +7),

see [12] concerning the physical background of (2.22), (2.23).

2.2 Weak solutions

We shall say that a trio {p,d,u} is a weak solution to the Navier-Stokes-Fourier system (1.3 - 1.8),
supplemented with the boundary conditions (1.9), (1.10), and the initial data

0(0,+) = 9o, 9(0,-) = Yo, u(0,-) = uy, (2.24)
if
e 0€ L=(0,T; L7(2)), 0> 0, ue L0, T; Wy > (Q;R*)), and the integral identity
T
/ / (82Q6t<,0 + ou - nga) dx dt = —/ £200p(0, ) dx (2.25)
0 JQ. Q.
holds for any test function ¢ € C2°([0,T) x Q.);
e p(0,9) € LI((0,T) x Q.), S € LI((0,T) x Q; LI(R**?)), for a certain ¢ > 1, and

T
/ / (829u <Orp+ (ou®u) : Ve + (o, ﬁ)divzap) dz dt (2.26)
o Ja.

T
= / / S:Vypde dt — / £2poug - »(0,-) dx
o Ja. Q

for any ¢ € C°([0,T) x Qc; R?);



o ¥ € L>(0,T; L)) N L2(0,T; WH2(,)), 9 > 0 a.a. in (0,T) x €, and the integral identity

T
9
/ / (EQQSE(Q, 9)O0rp + 0s<(0,9)u - Voo + %Vxﬁ - anp) dx dt (2.27)
o Ja.

T 1
s/ / —(S : Vou+ @vaﬁﬁ)«p d dt—/ e?005:(00, Vo) da
o Jo. ¥ ¥ Q

€

holds for any ¢ € C°([0,T) x €2.), ¢ > 0;

e the energy equality

E(t) = /Q (%Q|u|2 + 0P,(0) 4 bov®/? + 6194) (t,-) dx (2.28)

1
=Ey= / (590|110|2 + 00Pe(00) + booty” + 5193) dz
Qe

holds for a.a. t € (0,T).

Similarly, we shall say that {p, ©} is a solution of the target problem (1.12 - 1.14), supplemented with

the boundary condition
J- n|aQ =0, (2.29)

and the initial condition
0(0,-) = oo, (2.30)
if

e 0€ L®(0,T;L7()), © = O(t) € L>(0,T), I € LI((0,T) x Q;R*)) for a certain ¢ > 1, and the

integral identity
T
/ / (00 +3 - Vo) dx:—/ 009(0, ) dz (2.31)
o Ja Q

is satisfied for any ¢ € C°([0,T) x Q);
e P(o,9) € LU0, T; W14(Q)) for a certain ¢ > 1, and

2u(©)A[J] = =V, P(p,0) a.a. in (0,T) x (2.32)
e the energy equality
£(t) = / oP.(0)(t, ) da + MbO®/2(¢) = & holds for a.a. ¢ € (0,T), (2.33)
Q

where M = [, o dz.



2.3 Main result
The remaining part of the paper is devoted to the proof of the following result.

Theorem 2.1 Let Q, {Q.}e~0, be a family of smooth domains in R® given by (1.1), (1.2) and satisfying
hypotheses [H1] - [H5]. Assume that the constitutive relations comply with the structural hypotheses
(2.15 - 2.23). Let {0c,uc,9:}eso be a family of weak solutions of the Navier-Stokes-Fourier system on
(0,T) x Q¢ in the sense of (2.24 - 2.28), with

0:(0,) = 00,e, where po — go weakly in LV(2), (2.34)
EE(O) = EO,E — Ep, SE(O) = / QOES(QO,EaﬁO,E) dz > So, / 00, de =M, > M >0, (235)
Q. Q.

where g . were extended to be zero outside €.

Then
(0.) — 0 in L*((0,T) x Q), (2.36)
(W) — © in L*((0,T) x Q), (2.37)
2 U weakly in L2((0,T) x O R%)), (2.38)

where 0, © solve the target problem (2.29 - 2.33), with J = oU, o0&y = Ey, and the permeability matriz
A specified in [H2].

3 Preliminaries
In this section, we list several elementary results that will be used in the proof of Theorem 2.1.
e We start with a variant of Poincaré’s inequality
0]l e () < €cl| Vol 1.3 for any v e WyP(). (3.1)

e Continuity of the extension operator. The following assertion is a direct consequence of Jensen’s
inequality:

1
1 1y < WA for all 1< p < o0, (3.2)
where
B!

(cf. hypothesis [H1]).

e Faxtension operator and strong convergence

Lemma 3.1 Let g € C(RY;R) be a uniformly bounded function. Assume that {h.}eso C L*(Q;RY) is
a sequence of functions such that
(he) — h in LY (Q;RY). (3.3)
Then
9 ((he)) — g(h) in L ().



Remark 3.1 The conclusion of Lemma 8.1 remains valid provided the sequence {h.}c~o is bounded
in LP(Q;RY) and g complies with a growth restriction

g(h) < c(1+ |h|?) for a certain 1 < g < p.

Proof:
We write

| oo = gt az

< [ Jtothe = ot ax+ | o | 900} = (gl [do + | Jtagm) - o) d.

O\Q.

where, in accordance with hypothesis (3.3),
[ Jtaten -] as < [ Jottna)) = o] az. o (3.4)

Moreover, by virtue of (3.2),

/Q\QE ’ (g(he))y — (1a.g(h)) ‘d:c

1 1
< [ Joth) — 9|z < = [ Jo(he) ~ g0)]az — .
Oe JQ. Oe JQ
Finally, we observe that
/ [ {16, g(h) — g(1)| dz dt 0. (3.5)
Q.
To see that, we introduce a family of linear operators
€ (1g.€) for € € L*(Q).

By virtue of (3.2), these operators are bounded in L!(§) uniformly for ¢ — 0. Consequently, (3.5) follows

as soon as we can show that
(1g.€) = €in LY() ase — 0

for any smooth function £. However, this is obvious as

sup | ({1, &) — §)()] < cesup [€'(x)].
€N €N

Q.E.D.

e Sobolev embedding theorem.

Proposition 3.1 Under hypotheses [H1], [H4], we have

vl L6,y < c(‘/ vdx
Q.

for any v € WH2(Q.), with ¢ independent of c.

Vv
€

)

)

L2(92:5R?)
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Proof: Obviously, it is enough to show

llvllLsa.y < c Vav for all v € WH2(9,), / v dx =0.
L2(Q:;R3) Q.
We have
HUHLG(QE) = sup / v dx
HSOHLG/:)(QE)SLfQE o dz=0Y 2
= Sup / UdiVCEBE [(p] dm = Sup / v;ljU ) EBE [(p} d:L.7
Q. Q. €

lello/s (g, <1 [, @ de=0 lello/s (g, <1 [, @ de=0
where, by virtue of (2.9) and the standard embedding relation Wol’G/5 (Q.) = L*(Q.),

Vv

sup / Vav ceBc[y] dz < ¢
Q. €

_ 3
lell o5 (g, <1 f,, @ do=0

L2(Q.;R?)

Here, we have used the fact that functions in WO1 -6/ 5(95), extended by zero outside ()., belong to

W1,6/5(R3)'

Q.E.D.
4 Uniform bounds
In this section, we collect all available uniform bounds on the family {o., uc,V:}c>0.
4.1 Energy estimates
The total energy of the system is a constant of motion, in particular,
_ 1 2 3/2 4
E.(t) = 5g5|u5| + 0 P.(0c) + bo07 < + v | (¢,-) de = Ey. — Ejp. (4.1)
QE
Accordingly, we deduce the uniform estimates listed below:
{\/2-u.}e0 bounded in L>(0,T; L*(Q;R?)), (4.2)
{0c}e>0 bounded in L*°(0,T; L7(Q)), (4.3)
{0:93/*} .~ bounded in L>=(0,T; L*(1)), (4.4)
{e9) .o bounded in L>(0,T; L' (1)), (4.5)

where we have used the structural hypotheses (2.16), (2.17). Here and hereafter, all functions defined a
priori on §). are extended to be zero outside ()., if not stated otherwise.
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4.2 Bounds based on mechanical energy dissipation

Integrating the entropy balance (2.27) we get

S.(1) > So (4.6)
! 1 [ p(e) . 2 2 K(0.)| V40, |2
R £ e = 5 x 5]1 —_— f a. ,T ,
+/0 /QE e ( 2¢2 ‘VIU +Vzu 3d1V u + 9. dx dt for a.a. 7 € (0,7)
where \
SE(T) = / (31)95\/@ - QEP'&(QE) —|— 53192) (7', ) dx (47)
Qe

As a consequence of the uniform bounds established in (4.3 - 4.5), and by virtue of hypotheses (2.16),
(2.17), the quantity Sc is bounded uniformly with respect to . Accordingly, using hypotheses (2.22 -

2.23), we may infer that
I
0 Qe
uniformly for e — 0.

Next, extending u. to be zero outside {2, we are allowed to use Korn’s inequality to obtain

T~e

dz dt < cfor any 0 < a < 3/2 (4.8)

{V“‘E} bounded in L2((0,T) x Q;R¥*3), (4.9)
€ e>0

and, as a direct consequence of (3.1),

{5} bounded in L2((0,7) x % R?), (4.10)
e e>0

4.3 Refined temperature estimates

Our next goal is to apply Proposition 3.1, together with (4.8), to deduce uniform bounds on the temper-
ature. However, this cannot be done directly as a suitable bound on the mean of 1. is still missing. To
fill this gap, we introduce the following version of Necas’ lemma (cf. Necas [26]):

Lemma 4.1 Let Q C R® be a bounded Lipschitz domain. Let M, K be two positive real numbers and o
a non-negative function such that

0<M§Mgz/gdm, /g”deKforacertam*yZZ
Q Q

Then there exists a constant ¢ = ¢(M, K) such that

Hw—/gwdx

< (M, K) vawHW*L?(Q;H@)

for any w € L?(Q).

12



Proof: Assuming the contrary we construct a sequence {w, }°; C L?(Q2) and {p,}32; such that

on — 0 weakly in L7(Q), /stc:MQZM7
Q

)
Wy, — Onw, dx
H Mgn Q

> n”vanuw—l,z(Q;Ra) > 0.
L2(Q)

Setting
1 Unp,

= — d —_
fn =t Mgn/ng"“’" R TP

we readily get
Vazn — 0in WE2(Q), ||zn]lr2() = 1.

By virtue of the standard Nec¢as’ lemma (see Necas [26]), we have
2, — Z (strongly) in L?*(Q), where Z # 0 is a constant.

On the other hand, however,

Oz/gnzndxﬁ/gfdx:EMQ
Q Q

- a contradiction.
Q.E.D.

In accordance with (2.8), we may write

< Vi (9e) ;0 >= —/ (¥)divyp doe = — I div,Re[p] dz = / V.9 - Re[p] da;
Q S)E QE

whence, by virtue of (2.7),
| <V {de)sp>] < C”v17~96”L2(QE;R3) (||<PHL2(Q;R3) + 5||V1:80||L2(Q;R3X3)) for all ¢ € CEO(Q§R3)~
Thus, in agreement with (4.8), we conclude that

IV (D) [ 20w 1.2 (ur3)) < ¢ (4.11)
Consequently, we have

1

1
Vo) = (V) — — 00 dx—l——/ 01, dz, MEE/ 0. dz, 4.12
) =02~ 37 | i L 5 (4.12)

where, in accordance with Lemma 4.1, and (4.11),

< ec, (4.13)

1
H<79€> s Qa'ﬂs dz =
L2((0,T)xQ)

M. Jqo,

13



while )
{@5 = —/ 0:U¢ dz} is bounded in L*°(0,T) (4.14)
M Qe e>0

as a direct consequence of (4.4).

Finally, combining Proposition 3.1, with estimates (4.8), (4.13), (4.14), we may apply the same argu-

3/2

ment to 92/ to obtain

T
| 10l at < (4.15)

uniformly for € — 0.

4.4 Pressure estimates

In order to deduce uniform bounds on the pressure, we use the quantities
v =Y(t)B: [b(o)], ¥ € C(0,T), with a suitable function b(p) = ¢” for p > 1,

as test functions in the momentum equation (2.26), where the symbol B. denotes Bogovskii’s operator
introduced in hypothesis [H4]. This step is rather technical but nowadays well-understood. In particular,
we use the fact that b(o.) satisfies the renormalized continuity equation

T
A /Q (52b(96)8t90 +b(0)u: - Voo + (b/(gs)ge - b(@e))divxus<ﬂ) dr dt =0 (4.16)

for any test function ¢ € C°([0,T) x Q) provided g., u. were extended by zero outside .. Indeed as
v > 2, (4.16) can be deduced from (2.25) by means of a regularization procedure introduced by DiPerna
and Lions [11].

After a bit tedious but rather straightforward manipulation we arrive at the following identity:

T
/0 y /Qgpwa,ﬁg) ) do dt = ZLE, (4.17)

o= | "y ( / o2 dx) ( /| o) dx) a,

/ v uo (Veue + Vi - %divxug]l) V. B.[b(0.)] dz dt

/ " / div,u, <b(@8>— . / o dx) de dt,

I3, = /0 w/ns 0:(ue ®u.) : VB [b(oe)] dx dt,

where

T
Iy = 52/ 8t¢/ 0. - Be[b(o:)] dz dt,
0 Qe

14



T
15,5 = / P Qe Ue - Be [(b(Qa) - bl(@e)@e)divxus} dz dtv
0 Q.

and

T
Ise = —/ w/ o-u, - B, [divx(b(gg)ug)} dz dt.
0 Q.

Now, in view of the uniform bounds established in (4.2), (4.3), (4.5), (4.9), (4.10), (4.15), and in
accordance with (2.9), we deduce that

|I1,e] + [12,e] < ¢ uniformly with respect to &

provided v > 0 is small enough. Similarly, making use of the properties of the operator B, stated in [H4],
we deduce that

6
D il <ec, (4.18)
=3

with ¢ independent of . We remark that, strictly speaking, the quantity b(o.)u. appearing in I; .
does not belong to the class required in (2.10). This technical problem may be overcome by using
suitable regularization of g. exactly as in [16], or by extending (2.10) to f belonging to the dual space
(WP (Q.; R?)]* as in GeiBert et al. [18]. Thus we conclude that

T
/ / QZ—H/ dz dt < ¢ for a certain v > 0, (4.19)
O QE

uniformly for € — 0.

5 Strong convergence of the density

In future considerations, we will systematically use the following properties of the extension operator
introduced in (1.11) :
G((h)) < (G(h)) for any convex function G, (5.1)

and
(he) — x weakly in L1((0,7T) x Q)

only if (5.2)

he — ox weakly in L1((0,T) x ),

where o € (0,1] is the constant appearing in (2.1). Note that (5.1) is a direct consequence of Jensen’s
inequality, while (5.2) can be shown exactly as in Masmoudi [22, Lemma 1.3].
In view of (3.2) and the uniform bounds (4.3) we may assume that

(0c) — o weakly-(*) in L>(0,T; L7 (£2)).

Our goal is to show that (p.) converge to ¢ pointwise (a.a.) in (0,7") x .

15



5.1 Oscillations defect measure

The following quantity will play a crucial role in the analysis of density oscillations:

Dy, = lim /OT/Q (pe(Qa)Tk(Qe) — (pe(0)) Tk(Q)) dr dt, k> 1,

e—0
where we have introduced the cut-off functions

min{p, k} for o > 0,

Tk (o) =

(5.3)

and where the symbol G(v) denotes a weak L'-limit of a sequence {v, }5° ;. We recall that g. as well as

other e-dependent quantities defined solely on (). are set to be zero outside €.
In accordance with (5.2), we have

Dy = o lim /OT/Q (<pe(Qe)Tk(Qs)> — (pe(0)) <Tk(a)>) dz dt.

e—0
Next, we introduce a function Qy,

Jy pe(s) ds for r € [0, k],
Qr(r) =

oo for r > k.

Since p, is increasing, Q) is convex and lower semi-continuous on the interval [0, c0). Moreover, we have

Pe(0e)Th(ee) = Qu(Ti(ee)) + Qf(pe(o2)),

where the symbol @)} stands for the conjugate function, see Ekeland, Temam [13].
On the other hand,

(Pe(0)) (T(0)) < Qi((Tk(0))) + Qr({pe(0))),

which, combined with (5.4), gives rise to

Dzl [ [ ((@uTie) + Qitole) - (T - Qi(Ton(a) do .

Thus, using (5.1), together with lower semi-continuity of convex functions, we may infer that

Dezotn [ [ (e - QuT@)) ar

Relation (5.7) can be rewritten as

e—0

T
D= olim [ [ (VT Tier)) = Y (@) T2

where

Y(z) = Qiz) for all 0 < z < k, with Q(2) = /Z De(s) ds.
0

16
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On the other hand, it follows from hypothesis (2.16) that

pe(0) =T0" +q(0), withT' >0, g € C'[0,00), ¢(0) =0, ¢ > 0.

Consequently, relation (5.8) gives rise to

T
D Ehg(l)/ [ (tear™ - Te™) da o,
where we have used the fact that the function z — fo ) ds is non-decreasing.

Finally, (5.9) yields

Dy Hgg%/ [ 100 - TP de
where we have used -
(Th(o)) < (Tk(0))" (Ti(0))-
The quantity
osci[{p:) — 0] = hm/ /| Ti(02)) — (Tr(0))"+! da dt

will be termed oscillation defect measure associated to the sequence {(g:)}c>0.

5.2 Thermal pressure

(5.10)

(5.11)

Our goal is to show that oscg[(0:) — o] — 0 for & — oo that implies strong convergence of {({g.)}c>0.

To this end, we examine the limit of the “thermal part” of the pressure, specifically,

i [ [ (pote)0Tut00) ~ Gl@) ToG@)) e e =

e—0 Jo

e—0 e—0

“tim [ [ 02 (voter) ~ po T (Tier) - @) o

e—0 Jo

vty [ [ pola) o (Thtor) -

(0:) - (Tx(2)})
2t [ po @@ - (Tite) - @) o at

e—0 0

dz dt

—tim [ [ po T 0. {Tie0) ~ @) e,

e—0 Jo

where we have used monotonicity of py, specifically the inequality

O (pole:) = po(T(e)) ) (Tileo) — Tile)) ) = 0.

17
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Note that, in accordance with hypotheses (2.16), (2.17), and the uniform bound (4.3),
po((Tk(0))) € L>=(0,T; LP(Q)) for a certain 3 > 3/2. (5.13)

The last integral in (5.12) can be handled as follows:

hm/ /pﬁ (T(0)) o)) — m)dxdt=

m//ﬂmmﬂ 0. ((Tile.)) - (@) da

vt [ [ 00T (o@D 0-((Tetor)) - D) ar
where

timy [ [ 14120 (po (@) 02 (00 ~ @) e ] <

T
lim/ /‘Id—TM o ((Th(

—hm/ [ 100 =Tn) (o (D) | (02) = ©.) | (Tule2)) ~ e o a

)| wo) | @eo) - Tl do at

—l—hm/ /@ Id TM)(pg(<Tk )HTk ) — T (g)}‘dxdt,

where the quantities ©. were introduced in (4.14).
Consequently, by virtue of (4.13),

iy [ [ 000 (oo @) (02 - 0.)| (Titer)) - @] drar =0, G

while

hm/ / | = 23) (o (L)) | | (T (02)) ~ Tl dtgh(M)(osck[<g€>—g])1/3, (5.15)

where, in accordance with (4.14), (5.13),
h(M) — 0 as M — .

Finally,

1m//men m<»ammmw

fhm/ /TM po((Ti(0)) (Tk( ) —

g)) dx dt,

18



where, by means of the same arguments as above,

im [ [ T (0o (@T20) (02 (Tiler) ~Tila)) o

e—0 Jo

= bim /OT @e/QTM (m(W)) (Tk(Qs) ~ Ty g)) dz dt.

Furthermore,

i /OT @E/QTM (m(M)) (Tk(ge) —T(g)) de dt
= /OT GE/QTM (po(Tu()) (o —2) do at

+lim | ‘o, [T (oo ([T2D) (Tiler) = o) o

e—0

ﬂli%/ /TM Po (T ( )>)) (@—T(g)) da dt,

where, in accordance with (2.25), (4.3), (4.10), and (4.19),

0= — ¢ in C([0,T]; W~2(Q)). (5.16)
tiny [ 0. [ Tt (po @) (o- ~2) =0
;%/ /TM pﬁ ((Tk(0)) ) ‘Tk (0) — 0

M
—&-lirr(l)/ /TM po({(T(0)) ) 00— Ti( )‘dxdtﬁc?.
E—

Combining the estimates obtained in the preceding two sections, we may infer that

Thus we have

while,

dx dt

P osenlion) o= oy [ [ e - T@| " ara (517)
F—I—losck Oc Q_F+15—’0 st x .

< lim /T/Q (p(ga,ﬂE)Tk(Qa) - mm) dz dt + c% + h(M) (08Ck[<96> - Q])l/g.

e—0 0

Here, we have used a simple interpolation inequality

17/3 8/3
e 40 |0,y < =¥ A0l o gyl 0e 1 7t

together with the uniform bounds established in (4.5), (4.15) to eliminate the radiation component of the
pressure, specifically,
et — 0in L7/12((0,T) x Q). (5.18)
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5.3 Refined pressure estimates

In view of (5.17), we have strong convergence of the densities {{0.)}>0 as soon as we can show that

T
lim / /Q (plo-, 9)Ti(o:) — (e, 0) Tile)) de dt < h(k), (5.19)

e—0 Jo

with h(k) — 0 for k& — oo. In order to see (5.19), we follow the arguments presented in Section 4.4.
However, in contrast with the method developed in that section, the pressure must be split into several
parts that are treated separately.

Following Masmoudi [22], we write

1
p(@.e’ﬁs)_m o QE) dx—zpzm

where p; . are the (unique) solutions to the Stokes problems:

2
AW + Vapre = divy (u(es) (vzug FVia, — gdivxus]o) in (0,T) x Q. (5.20)

P
AWy + Vapae = divw((u(ﬁg) - M(@E)) (nguE + Vi, — gdivzue]l)> in (0,7)x Q.,  (5.21)
Aws . + Vyps . = —divy(0.u. ® u.) in (0,7) x ., (5.22)
Awy . + Vops. = —€20;(0-u.) in (0,T) x O, (5.23)

divyw; . =01in (0,7) x Qc, W;clon. =0, / Piedz=0fori=1...4

€

In accordance with hypothesis [H5] and the uniform bounds (4.9), (4.14), we have
Vopie = div,H. in (0,7) x Q, (5.24)

where
HH5||L2 OT)XQ _R3><3)) S EC. (525)

On the other hand, it follows from (2.8) that

lim/ / P1.eTk(0e) do dt = hm/ / (P1e) | Ti(o:) / Ti(oc) dz ) da dt (5.26)
e—0 e—0 ‘Q|

~ lim / / pr.2) diveBTy(-)] dz dt = lim / / prediv, R (BTk(0.)]) dz dt,

e—0 e—0

where we have used that fQ < h>dzr = % fQ hdx and where B is the Bogovskii operator defined on
the whole domain . Namely, the operator B satisfies B(f) = f — ﬁ fQ fdz on Q and estimates (2.9),

(2.10), where €2, is replaced by 2 and ¢ is set to be 1.
Moreover, by the same token,

/OT/QWT’“(Q)M dt:i%/:/ﬂ@l,aﬁk(g) dz dt
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=lim | prediveRe (B[Tk(g)]) da dt.

e—0

Consequently, we get

gi—{r(l) /OT /Qe P1eTk(0e) da dt — /OT/Q<;D1> Ty (o) dx dt
- gii%/oT /Q He : Vo (Rs (B [Tk(gs) —T(Q)}» dz dt

- nm/T/ H. : V, (R. (Blo. — 7)) du dt

e—0

+lim / / H. : V., (Re (B[Ti(e:) — o.])) da dt

e—0

+&1i£%/ / H.:V, (B[@—m])) dz dt,

where, in accordance with (4.19),

||Tk(Qs) - QeHLZ((O,T)XQ) + ||Tk(9) — @HL?((O’T)XQ) < h(k) with h(k) — 0 as k — oo.

In addition, we deduce from (5.16) that
0c — 0 in Cyear ([0, T1; LQ(Q))a 0=00;

whence
Blo. — 2] — 0 (strongly) in L*((0,T) x ).

Combining (5.25 - 5.28) with (2.7) we conclude that

e—0

Moreover, going back to (5.24), (5.25), and making use of (2.7), (2.8), we readily obtain that

V. (p1) € L*(0,T; L*(Q)).

Now, we apply a similar treatment to ps.,...,ps replacing (5.26) by the identity

1
/ P Te(0.) da = / - (Tk@g)— / Ti(e:) dx) da
o o, ] o,

€

:/ pi,edivyBe [Tk (0e)] dz, i =2,3,4.
Q

Thus, making use of (4.9), (4.13 - 4.15), we deduce that

T I
hm/ / pQ,ETk(Qs) dz = Oa <p2> = 07
e—0 0 Qa

21
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and, by virtue of (4.2 - 4.5), (4.9), (4.10),

T R
lim/ / p3.:Tk(0e) dz =0, (p3) =0. (5.32)
0 Q.

e—0

Furthermore, it follows from (5.23), combined with (4.3), (4.9-4.10) and hypothesis [H5], that
Vzp4,5 = —528th5, with ||h€||L2(O,T;L3/2(QE)) S Ec. (533)

Now, similarly to Section (4.4), we can use the renormalized continuity equation (4.16) to justify that

T T
/O w/QE pa,eTk(0:) dzdt :/0 w/ﬁs pa.cdivy (Be (Ti(o.)) dadt =

T T
— 2 4 . . 1
€ /O 1/1 /QE he Be (Tk(gs)) dxdt + /0 w /QE hg BE (lem (Tk(gg)us)) dzdt

T
+/O %[J‘/QE h. - B, ((QETIQ(QE) - Tk(Qe))diVmua) dxdt;

whence, in view of uniform bounds (4.3), (4.9), (4.10), we obtain

T
m%/ / pacTi(oc) dz dt =0, (ps) = 0. (5.34)
e~bJo Ja.

Finally, we observe that

(20 =T0) [ plect) do= (0.~ 2) [ ploc0) ao

=

(1o —e.) [ pleev) dos (= Ti@) | plectl) do

€

Summing up the results achieved in this section, we are allowed to conclude that (5.19) holds. This
fact, combined with (5.17), implies the desirable conclusion

(0c) — 0in L*((0,T) x Q). (5.35)
In addition, using (5.30), (5.31), (5.32), and (5.34), we conclude that

V. (p(o,9)) € L*((0,T) x Q). (5.36)

6 Strong convergence of the temperature

In order to establish strong (pointwise a.a.) convergence of the temperature field, we use the entropy
balance equation (2.27). Similarly to Section 4.3, we write

<\/19is><\/1975>1\25/9595\/17€dx+1\2€/9595\/19td%
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where

<w9i>— J& /Q 0./0. dz — 0 in L2((0,T) x Q).

On the other hand, it follows from the entropy balance equation (2.27) that

1
at/ sts(gea'ﬂs) dx = at\/ Q¢ 796 - *Qspﬁ(gs) 193 dz
o Ve T3 “9b

€ Qe

is a sequence of positive measures bounded in the space (C[0,T])*, and therefore precompact, in partic-
ular, in W12 (0, 7).
In accordance with (5.18), the mapping

t— / 0-1/Y. dz is precompact in L?(0,T)
Qe

as soon as we observe that

t— / 0-Py(0:) dz is precompact in L*(0,T). (6.1)
Qe

Indeed, by virtue of (5.35), we may assume
(02) Py({02:))(t.-) — 0Py (0)(t,) (strongly) in L*(€) for a.a. t € (0,T);

whence (6.1) follows.
Thus we have shown that <\/795> converges a.a to a spatially homogeneous function. Using Lemma
3.1 (cf. also Remark 3.1) we therefore conclude that

(¥9.) — © (strongly) in L?((0,T) x ), (6.2)

where © = O(t) is given as

o) = hm O(t) = hm —/ 0:9¢(t,-) dz for a.a. t € (0,T). (6.3)

7 Conclusion - proof of the main result

For a function h defined on (0,T) x Q let [h]s, 6 > 0 denote a suitable (time-space) regularization of h,
e.g. the standard mollification of h extended by zero outside (0,T) x €.
We use the quantities

[Tk ({0:))]sviw, » € C((0,T) x Q)

as test functions in equation (2.26), where v are the test functions introduced in hypothesis [H2]. After
a simple manipulation, we get

T 2
/ / (.) (vxug +Viu - Sdivzugu) Y, ([T ((0))]sv"0) da dt
0 Q.

T
= /0 /Q(Qeug ®@ue): Vo ([Tk({0:)]svie) da dt
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T T
+/0 /Q e%0cu. - (84 ([T ({0:))]s0)vl) da dt+/0 /Qp(gg,ﬁe)divx([Tk(<g5>)]5vg<p) dz dt.

Exploiting (2.3), (2.6), (4.2), (4.3), (4.9), (4.10), we show that the first and second terms at the right
hand side tend to zero as € — 0. Letting ¢ — 0 at the left hand side, we obtain, by the same token

r 2
lin%)/ / w(Ve) (Vmu8 +Viu, — 3divzus]l) 2 Vo ([Tr({0e))]sviy) da dt
e=%Jo Ja.

T

e—0

2
= lim u(@)/ (qug +Viu, — 3dinguE]I) : Ve ([Tre({0e)]svip) da dt =
0 Q.

T
2lim [ (@) [ V.vi: Va((Ti(e)lsuep) do
e=%Jo Q.

whence

e—0

T
2 lim ,u(@)/ Vvl Va([Tr({0e))]sucp) dz dt (7.1)
0 Q.
T
- / / p(0,©)e" - Vo ([T(2)ls]) d dt,
0 Q

where we have used again (2.6).
On the other hand, it follows from (2.4), (2.5) that

e—0

T
lim ,u(@)/ Vvl V([T ({0e))]sucp) dz dt
0 Q.

e 1 [t u
— i [ (@) [ 2. w T ls dodet lim [ u©) [ wr BiTu((e s do
0 Q. € =0Jo Q. €

e—0 R
where
T u T
tim [ @) [ w2 Mo g dodt = [ (@) [ Al UlTk(olsp dodt. (72
e—~YJo . 0
Furthermore,

T
[ #©) [ 19,0 wiritelop ar a
0 Q¢
T
= [ o) [ 9oz S (mlels ~ Tillech) o o
T
+/0 [u(@)]w/gevzq? : ng(Qs)QD dz dt

" /OT (#®) - lnte)l.) /Q eVoq! - S T(e)p dr dt,
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where, by virtue of (4.10), (4.19), (5.35), and (2.3),

T u
| ) [ e .ar - 55 (IBlels = Tiloeh) o e ] < (k) + o),

hi(k) — 0 for k — oo, h2(6) — 0 for § — 0.

Similarly,

S hQ(LU),

/OT (,u(@) B [M(G)L") /ngqu? : %Tk(&)gﬂ dz dt

and, finally,
T
u.
[ W@l [ . Etie)s do
0 Q €

= [ O [ Pz % (e ~ o)

T
+/ [N(@)]w/ eVaql - %ng dz dt.
0 Q s

Here, exactly as above

/OT[AL(Q)]w /Q Vgl - 1;7 (Tk(Qs) - Qg)cp dz dt| < hy(k),

while, by virtue of equation (2.25) and the hypothesis [H2],

T
/ [,u(@)]w/ eVaql - %QESD dz dt - 0ase — 0.
0 Q

Summing up the previous results, relation (7.1) reduces to

T
2 [ () [ Ale) Ulti(]se do dt =
0 Q

T
/0 /Q P(0,©)e™ - Vul[Tk(@)]se]) da dt + ha(k) + h(6) + ha(w).

Letting w — 0, k — oo we obtain

Q/OTM(@)/Q[Q]sU-wdw dt

T T
= / /p(a, O)Vlols - Ap dz dt + / p(0,0)A : [V,llols dz dt + ha(6)
0 Q 0 Q

for any ¢ € C2((0,T) x Q;R?).
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At this stage, we use Lemma 3.1 to deduce that

p(0,0) = (p(e,v)), (7.7)

in particular, by virtue of (5.36),

V.p(o,0) € L*((0,T) x Q).

Accordingly, we can let § — 0 in (7.6) to obtain the desired conclusion (2.32).

Strict positivity of the temperature as well as the energy balance (2.33) can be shown exactly as in

[15]. We have proved Theorem 2.1.
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