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Abstract

We consider the compressible Navier-Stokes-Fourier system on time-dependent domains with prescribed motion
of the boundary, supplemented with slip boundary conditions for the velocity. Assuming that the pressure can
be decomposed into an elastic part and a thermal part, we prove global-in-time existence of weak solutions. Our
approach is based on the penalization of the boundary behavior, viscosity, and the pressure in the weak formulation.
Moreover, the thermal energy equation is in the weak formulation replaced by the thermal energy inequality
complemented with the global total energy inequality. In the approximation scheme the thermal energy inequality
is consider to be satisfied in the renormalized sense.

Keywords: compressible Navier-Stokes-Fourier equations, time-varying domain, slip boundary conditions

1 Introduction

The flow of a compressible viscous heat conducting fluid is in the absence of external forces described by the following
system of partial differential equations

dy0 + divy(ou) =0, (1.1)
O(ou) + divy(ou @ u) + Vp(p,9) = div,S(V,u), (1.2)
Ot(0F) + divy ((oE + p)u) + div,q = div, (S(V,u)u). (1.3)

These equations are mathematical formulations of the balance of mass, linear momentum and total energy respectively.
Here o is the density of the fluid, u denotes the velocity and E = % lu|® + e(0, 1) the specific total energy given as
sum of the kinetic energy and the internal energy e being a function of density and temperature 9.

*The work of O.K., V.M. and S.N. was supported by Grant of GA CR GA13-00522S and by RVO 67985840.
TThe work of A.W.-K. was supported by Grant of National Science Center Sonata, No 2013/09/D/ST1/03692.



The stress tensor S is determined by the standard Newton rheological law
2
S(Vzu) = p (Vmu +Viau— 3divmuﬂ> + ndivyul, p >0, n>0. (1.4)

For simplicity, throughout the rest of this paper we assume the viscosity coefficients p and 1 to be constant, however
the case of u,n being dependent on temperature in a suitable way can be also treated, see Section 5.
The Fourier law for the heat flux q has the following form:

q=—k()V,0, k>0. (1.5)
Motivated by [4] we assume the following state equation for the pressure

p(0,9) = pe(0) + Ips(0), (1.6)

with the additional assumption that py is a non-decreasing function of the density vanishing for o = 0. Consequently
the Maxwell relation yields the form of the specific internal energy as

e(o,7) = Pe(0) + Q) (1.7)

with the elastic potential

R0 = [P (1)

z

and the thermal energy being related to the specific heat at constant volume ¢, by
9
QW) = / co(2)dz, cy(2) > ¢y >0 for all z >0, (1.9)
0

Assuming smoothness of the flow the system (1.1)-(1.3) can be rewritten using the equation for the thermal energy
instead of the balance of total energy

0o + divy(pu) =0, (1.10)
O (ou) + div,(ou @ u) + Vp(p,9) = div,S(V,u), (1.11)
0 (0Q(V)) + div, (eQ(W)u) + div,q = S(V,u) : Veu — Ipy(e)div,u. (1.12)

We study the system of equations (1.10)-(1.12) on a moving domain 2 = Q; with the prescribed movement of the
boundary and on time interval [0,7] with T < co. More precisely, the boundary of the domain ; occupied by the
fluid is described by means of a given velocity field V (¢, ), where t > 0 and x € R3. Assuming V is regular, we solve
the associated system of differential equations

%X(t,x) - V(t,X(t,x)), t>0, X(0,z) =z, (1.13)

and set
Q, =X (1,90), where Qo C R? is a given domain, T'; = 8Q,, and Q, = {(t,z) | t € (0,7), = € Q, }.
The impermeability of the boundary of the physical domain is described by the condition

(u—=V)-n|r, =0 for any 7 > 0, (1.14)



where n(t, z) denotes the unit outer normal vector to the boundary I'y. Moreover, we assume the Navier type boundary
conditions in the form

[Sn]tan + C [ll - V]tan ‘FT = 07 C Z 07 (115)

where ( represents a “friction” coefficient. If ( = 0, we obtain the complete slip while the asymptotic limit { — oo
gives rise to the standard no-slip boundary conditions.
Concerning the heat flux we consider the conservative boundary conditions

qg-n=0forallte|0,T], x €Ty (1.16)

For physical motivation of correct description of the fluid boundary behavior, see Bulicek, Malek and Rajagopal
[1], Priezjev and Troian [16] and the references therein.
Finally, the problem (1.10)-(1.16) is supplemented by the initial conditions

0(0,-) = 00, (0u)(0,-) = (ou)o, V(0,:) =70, (0Q(V))(0,-) = (0Q)o = 00Q(Yo) in Q. (1.17)

The main goal of this paper is to show the existence of global-in-time weak solutions to problem (1.10)-(1.17) for
any finite energy initial data. The existence theory for the barotropic Navier-Stokes system on fized spatial domains in
the framework of weak solutions was developed in the seminal work by Lions [12], and later extended in [9] to a class of
physically relevant pressure-density state equations. Then it was extended by Feireisl to the full Navier-Stokes-Fourier
system [4, 5].

The investigation of incompressible fluids in time dependent domains started with a seminal paper of Ladyzhenskaya
[11], see also [13, 14, 15] for more recent results in this direction.

Compressible fluid flows in time dependent domains in barotropic case were examined in [6] for the no-slip boundary
conditions and in [7] for the slip boundary conditions. The aim of this paper is to extend this result to the full system.
We proceed in the following way.

1. In order to deal with the slip boundary condition, we introduce to the weak formulation of the momentum
equation a term

1 T
7/ / (u—V)-n¢-ndS, dt, € > 0 small, (1.18)
¢Jo Jry

which was originally proposed by Stokes and Carey in [17]. This extra term allows to consider the system in
time independent domain which is divided by impermeable boundary I';. In order to handle the behaviour of
fluid in the solid domain Q5. we use the following three (in fact four) level penalization scheme

2. In addition to (1.18), we introduce a variable shear viscosity coefficient y = p,, where p, remains strictly
positive in the fluid domain Q7 but vanishes in the solid domain Q% as w — 0.

3. We introduce the heat conductivity coefficient x, (¢, z,1) which remains strictly positive in the fluid domain Qr
but vanishes in the solid domain Q% as v — 0. For technical reasons this procedure needs to be done in two
steps, more precisely we consider a step function x, = x in the fluid part and k, = vk in the solid part. This
function is then mollified to get smooth &, ¢, £ > 0 with k., ¢ — &, as £ — 0.

4. Similarly to the existence theory developed in [9], we introduce the artificial pressure
ps(0.0) = ple,9) + 30", B> 4, 6 >0,

in the momentum equation (1.11).



5. Keeping ¢, 6, v, ¢ and w > 0 fixed, we solve the modified problem in a (bounded) reference domain B C R? chosen
in such a way that -
Q. C B for any 7 € [0,T].

To this end, we adapt the existence theory for the compressible Navier-Stokes system with variable viscosity
coefficients developed in [5].

6. We take the initial density g9 vanishing outside €2y and letting ¢ — 0 for fixed §, w > 0 we obtain a “two-fluid”
system where the density vanishes in the solid part ((0,7) x B) \ Qr of the reference domain together with the
thermal pressure py. It follows that the choice of the pressure is fundamental.

7. Passing with £ — 0 we recover the system with jump in the heat conductivity coefficient and justify the choice
of the boundary condition of the test function in the weak formulation of the thermal energy balance.

8. Letting the viscosity vanish in the solid part, we perform the limit w — 0, where the extra stresses disappear
in the limit system. The desired conclusion results from the final limit process, where we set v = v(§) and let
0 — 0.

The paper is organized as follows. In Section 2, we introduce all necessary preliminary material including a weak
formulation of the problem and state the main result. Section 3 is devoted to the penalized problem and to uniform
bounds and existence of solutions at the starting level of approximations. In Section 4, the limits for e — 0, £ — 0,
w — 0, and 6 — 0 are preformed successively. Section 5 discusses possible extensions and applications of the method.

2 Preliminaries

2.1 Hypotheses

Hypotheses imposed on constitutive relations and transport coefficients are motivated by the general existence theory
for the Navier-Stokes-Fourier system developed in [4, 5].
Hypotheses on the pressure:
pe € C[0,00) N CH0,00), pe(0) =0,
p.(0) > a107"1 — b for all o > 0, (2.1)

pe(0) < az0” + b for all o >0,

for certain constants v > %, ai,az,b >0,
py € C[0,00) N CL(0,00), py(0) =0,
py is a non-decreasing function of g € [0, 00), (2.2)

po(0) < co? for all p > 0.



Hypotheses on the heat conductivity coefficient:
k = k(19) belongs to the class C%[0, ),
k(0% 4+ 1) < 5(9) < ka(9* 4+ 1) for all ¥ > 0, (2.3)

with constants ki1, ko >0, a >4 and o > @

Hypothesis on the thermal energy:
Q=QW) = Jj cu(z)dz,
where ¢, € C'[0,00) is such that there exist 0 < ¢ < ¢ < o0, (2.4)
(149771 <ep(¥) <E1+09771h).
We would like to emphasise that the lower bound on ¢, is restrictive (compare with [4, Section 3]). However, this
assumption is essential since it allows us to derive estimates on the velocity — see (4.35).

2.2 Weak formulation, main result

In the weak formulation, it is convenient to consider the continuity equation (1.10) in the whole physical space R3
provided the density g is extended to be equal to zero outside the fluid domain, specifically

/ op(T, ) dx—/ 009(0,-) dx:/ / (00rp + ou - V) daxdt (2.5)
Q Qo 0 Q

T

for any 7 € [0,T] and any test function ¢ € C°([0,T] x R?). Moreover, equation (1.10) is also satisfied in the sense
of renormalized solutions introduced by DiPerna and Lions [2]:

/ bo)p(r ) d — / b(a0) (0, ) dar = / / (b(2)p + b@)u - Voo + (b(e) — V()0) div,ug) dudt  (2.6)
Q Qo 0 Q¢

-

for any 7 € [0,7], any » € C°([0,T] x R3), and any b € C'[0,00), b(0) = 0, b/'(r) = 0 for large r. Of course, we
suppose that o > 0 a.e. in (0,7) x R3,
Similarly, the momentum equation (1.11) is replaced by a family of integral identities

[ owetrdo= [ (oo (0.) da (2.7)
Q.

Qo
= / / (ou- O + plu®u] : Vyp + plo, 9)divep — S(Vyu) : Vi) dedt
o Jo

for any 7 € [0,T] and any test function ¢ € C°([0,T] x R3;R?) satisfying

@ -n|p. =0 for any 7 € [0,7]. (2.8)



Then the impermeability condition (1.14) is satisfied in the sense of traces, specifically,
u,V,u € L*(Qr;R?) and (u— V) -n(r,-)|r, =0 for a.a. 7 € [0, 7). (2.9)
According to [4, 5] the equation (1.12) is replaced by two inequalities, the thermal energy inequality
O (0Q(9)) + div, (0Q(¥)u) — AK(Y) > S : Vou — dpydiv,u (2.10)
where
o
K(9) :/ k(z)dz
0
and the global total energy inequality. In the case of the problem on a fixed domain §2, this inequality states simply

/QQ(%'u'?+P€(9)+Q(19))(T7~)dxg/

Q

(I(Q;)OF + 00P:(00) + QoQ(%)) (1) dz (2.11)

00

for all 7 > 0, the elastic potential P, is defined in (1.8).
However, in the problem on the moving domain this inequality is no longer such simple and additional terms
appear. We have

| eGP+ Pt + Q) o <

Q. Qo

u 2
(HEE g7 o) + 02(00)) ) (212)

+/Q (ou-V)(r,-)dz — /QO(Qu)O -V(0,-)dx

—|—/ / (S(Vgu) : Vo,V —pu- 0V —-—pu®@u:V,V—p(p)div, V) dadt
0o Ja,

for all 7 > 0. We also emphasise that the boundary condition (1.16) is replaced by the inequality

g—i >0on Ty forall t € [0,T]. (2.13)

Following these considerations, in the weak formulation of the problem the temperature 9 satisfies

T T
/ / 0Q() 0+ 0Q () u- Vo + K(9)Apdxdt < / / (Ipydivyu—S: Vyu)p dzdtJr/ 00Q(W0)p(0)dz (2.14)
0 Q¢ 0 Q

Qo
for any ¢ € C*([0,7] x R?), ¢ > 0, o(T) =0, Ve -n|r, =0 for any 7 € [0,T].

Definition 2.1 We say that the trio (p,u,?) is a variational solution of problem (1.10)-(1.12) with boundary condi-
tions (1.14)-(1.16) and initial conditions (1.17) if

e 0€ L>(0,T; L7 (R?)),

o u,Vyue L*(Qr;R3), pu € L>(0,T; L™ (R% R?)) for some m > 2,

o 0Q(¥) € L®(0,T; L' (R?) N L*(0,T; LY(R?)) for some q > £, logd,9ps(e) € L*(Qr), K(9) € L'(Qr),
o relations (2.5)-(2.9), (2.12) and (2.14) are satisfied.



At this stage, we are ready to state the main result of the present paper:

Theorem 2.1 Let Qy C R? be a bounded domain of class C**V, and let V € C*([0,T]; C2(R3;R?)) be given. Assume
that the pressure p(o,9) takes the form (1.6) with p.,py € C[0,00) N C1(0,00) complying with the hypothesis (2.1),
(2.2) with a certain v > 3/2. Moreover let q be given by (1.5) with k() complying with the hypothesis (2.3) and let
hypothesis (2.4) be satisfied with o > w Furthermore let the initial data fulfill

1
00 € L7(R?), 00 >0, 00 #0, oolrs\0, =0, (ou)o =0 a.a. on the set {go = 0}, / g|(gu)0\2 dx < c©
Qo
and
%o ELOO(Q()), Jo>19 >0 on .

Then the problem (1.10)-(1.12) with boundary conditions (1.14)-(1.16) and initial conditions (1.17) admits a variational
solution on any time interval (0,T) in the sense specified through Definition 2.1.

The rest of the paper is devoted to the proof of Theorem 2.1.

3 Penalization

For the sake of simplicity, we restrict ourselves to the case ¢ = 0 in (1.15) and n = 0 in (1.4). As we shall see in
Section 5, the main ideas of the proof presented below require only straightforward modifications to accommodate the
general case.

3.1 Penalized problem - weak formulation

Choosing R > 0 such that -
V0o, rx{z|>ry =0, Qo C {|z| < R}

we take the reference domain B = {|z| < 2R}.
Next, the shear viscosity coefficient p,, is taken such that

o € C(0,T) x BY), 0< i < pu(tua) < i [0,7) x B, po(r, o, = pforany 7€ [0,7]  (3.1)

and
tw — 0 ae. in (0,7) x B\ Qr as w — 0. (3.2)

Similarly, we introduce variable heat conductivity coeflicient as follows: &, (t,z, %) = x, (t, z)x(1}), where
Xy =1 inQr and x, =v in (0,7) x B\ Qr,
and its mollification k, ¢(t, z,9) = xv,e(t, x)x(¥), where
Xve = Xo * Pe. (3.3)

Here * denotes the convolution in time-space (i.e. R*), ®(t,x) is a standard mollifier such that ®¢(t,x) — &, as
& — 0 in the sense of distributions.



Finally, let 9o, (ou)o and ¥y be initial conditions as specified in Theorem 2.1. We define modified initial data gg_s,
(ou)o,s and Yo 5 so that

00,5 >0, 00,5 Z0, 005lrs\0o =0, / (93,5 + 5@55) dz < ¢, 00,5 — 00 in L7(B), [{0o,s < 00} — 0, (3.4)
B
_J (ou)o if 00,5 > 00,
(ou)os = { 0 otherwise (3.5)

and for g s € C*¥(R3) it holds
Vidos nlp, =0, 0 <9 <ps <9 on R3 and Jo.5l0, — Yo in Ll(QO). (3.6)

Now we are ready to state the weak formulation of the penalized problem. Let 8 > max{4,~}.
Again, we consider g,u to be prolonged by zero outside of (0,7) x B. The weak formulation of the continuity
equations reads as

/ ng(T,-)dx—/ 00,69(0,-) dx :/ / (00vp + ou - V) dadt (3.7)
B B o JB

for any 7 € [0,7] and any test function ¢ € C2°([0,T] x R3). The momentum equation is represented by the family
of integral identities

[ en-etrydao = [ (ouas-pl0.)da - 1/ / (V- ne-n)ds,dt (3:8)

= / / (Qu cOp+ olu®u]: Ve + plo, 9)divep + 80P divap — S, : Vrcp) dzdt,
o JB

2
with S, = ey <qu + V;u — 3divxu]l)

for any 7 € [0, 7] and any test function ¢ € C°([0,T] x B;R3).
The thermal energy inequality in the penalized problem is satisfied in the renormalized sense:

T
| [ 0+ D@n@)010 + 0Qu(0)u- Vot Kuvgto.0) Mg + Kn(0) Vg - Vop = Sh(0)0 g dndt (3.9)
0 B

T
< / / (h(9)Ipydiveu — h(9)(1 — 8)Sy : Vou + B (9)ky ¢ (t, 2, 9)|V0)?)p dadt + / (00,6 + 0)Qn(V0,5)¢(0) dz
o JB B
for any ¢ € C*°([0,T] x R3), ¢ >0, (T) =0, V¢ -n|gp = 0 for any 7 € [0,7] and any h € C*°([0,00)) such that
h(0) >0, h nonincreasing on [0,00), lim h(z) =0, h"(2)h(z) > 2h'(2)*> forall z >0, (3.10)

where Qp, Ky ¢ n and K, are defined by

0 9 v
Qh:/o Q' (2)h(2) dz, Ku,g,h:XVaﬁ/O k(2)h(z) dz, Kh:/@ k(2)h(z) dz.



Finally, the global total energy inequality reads as

T 1 5 T
/ / (=) (g|u|2 +0P.(0) + ——0" + (o + 5)Q(19)> dzdt + 6/ w/ S, : Veu 492 dadt (3.11)
0 B 2 ﬂ -1 0 B

1|(ou)g s|? e
< [ S1e0E g p o) + s+ (0 + 9@ Ao+ [ [ (V= w)naem asar
B 00,5 ’ €Jo Jr,

)
8-1
for every ¢ € C*°(]0,T)]) satistying
»(0)=1, ¥(T)=0, O <O0.

Definition 3.1 Let €,0,v,& and w be positive parameters and let § > max{4,~v}. We say that a trio (o,u,?) is a
renormalized solution to the penalized problem with initial data (3.4)-(3.6) if

o 0 € L>®(0,T;L7(R*) N L>(0,T; L (R?)),
e uc L2(0,T; Wy %(B;R3)), ou € L=(0,T; L™ (R3;R?)) for some m > g

* 0Q(V) € L>=(0,T; L'(R*))NL*(0,T; LY(R?)) for some q > ¢, log, 9py(e) € L*((0,T)x B), Kn(9) € L'((0,T) x
B) for all h as in (3.10),

o relations (3.7)-(3.9) and (3.11) are satisfied.

The choice of the no-slip boundary condition ulgg = 0 is not essential here. We have the following existence
theorem concerning weak solutions to the penalized problem.

Theorem 3.1 Let V € C([0,T]; C3(R3;R3)) be given. Assume that the pressure satisfies the constitutive equation
(1.6) with pe,py € C[0,00) N CH0,00) complying with hypothesis (2.1), (2.2) with certain v > 3/2. Moreover let q
be given by (1.5) with assumption (2.3), let hypothesis (2.4) be satisfied and let the initial data fulfill (3.4), (3.5) and
(3.6). Finally, let 8 > max{4,~}, and e,w, v, £, > 0.

Then the penalized problem admits a renormalized solution on any time interval (0,T) in the sense specified by
Definition 3.1.

The existence of global-in-time solutions to the penalized problem can be shown by means of the method developed
n [5] to handle the nonconstant viscosity coefficients, more precisely see Proposition 4.3 in [5]. Indeed, for £ > 0 fixed,
the extra penalty term in (3.8) can be treated as a “compact” perturbation. The presence of terms involving x, ¢(x,t)
in the thermal energy inequality (3.9) does not cause any additional difficulties since this function is smooth and
bounded away from zero.

In addition, since 3 > 4, the density is square integrable and we may use the regularization technique of DiPerna
and Lions [2] to deduce the renormalized version of (3.7), namely

/Bb(g) Jdx — / b(00,5) Jdx = / / 0)0:p + b(o)u - Vo + (b(0) — V' (0)0) divyuyp) dadt (3.12)

for any ¢ and b as in (2.6).



3.2 Modified energy inequality and uniform bounds

Since the vector field V vanishes on the boundary dB it may be used as a test function in (3.8).

resulting expression with the energy inequality (3.11), we obtain

[ (el + R+ 520 + 0+ Q) ) () d

+5/ /sw;vzu+ﬁa+1dxdt+1/ |(u—V)-n]* dS, dt
0o JB €Jo Jr,

1 0
</ (|(Qu)0,6|2+90,6pe(90,6)+Q§5+(90,5+5)Q(?90,6)> da
B \ 200, g—-1""

+/B ((gu “V)(7,) = (eu)o,s - V(0, )) dz

Combining the

(3.13)

T 2 )
+/ / (,uw <Vf,3u +Viu— 3divmu]1) :Ve,V—-—pu-0;V-—pu®u:V,V —p(p,9)div,V — ﬁlgﬁdivmV) dzdt.
o JB -

Since the vector field V is regular suitable manipulations with the Holder, Young and Poincare inequalities and

thermodynamical hypothesis yield

/ <;g|u|2 + oP.(0) + Lgﬁ +(o+ 5)Q(19)> (r,-)dx + g /T/ Sy : Veu + 9ot dadt (3.14)
B o JB

6-1
1 /7 2
+*/ [(u—V)-n|” dS, dt
€Jo Jr,

1

</ ( (Qu)o,5|2+go7épe(90,5)+6@554‘(@0,54-5)@(19075)) dr = [ (ewos V(0. ds +C(V.5).
B B

200,5 B—1
As

Pe(0) < (1 + oP.(p)) for all o > 0,

relation (3.14) gives rise to the following bounds independent of parameters e and &:

ess sup |/ou(t,-)|l2(Brs) < c,
t€(0,7T)

ess sup /QPE(Q)(t,-)dxgc yielding ess sup ||,Q(t,-)||LW(B)§C,
t€(0,7) /B te(0,7)

ess sup O ol(t, ')Hiﬁ(B) <ec.
te(0,7)

Since
2

P

2
V.u+ V;u — gdivxu]l

e

2 .
= {Mw (Vou+ Viu) — %dlvxuﬂ 1 Veu,

we obtain that )

2
V.u+ V;u — gdivzu]l dzdt < c.

10

(3.15)

(3.16)

(3.17)

(3.18)



Moreover,

T
/ |(u—V)-n]* dS, dt < ec. (3.19)
o Jr,
We note also that the total mass is conserved, meaning

/ o(r,")dz = / 00,5 dz = / 00,6 dz < ¢ for any 7 € [0, T]. (3.20)
B B Qo

Thus, relations (3.15), (3.18), (3.20), combined with the generalized version of Korn’s inequality (see [8, Theorem
10.17]), imply that

T
2
e gy 0 < el (3.21)
Moreover directly from the energy estimates we get that
ess sup [[(¢+0)QW)llr () < ¢ (3.22)
te(0,7T)
9/ La+1(0,7)xB) < C- (3.23)

By the proper choice of renormalization function h the same methods as in Section 5.1 [5] gives

[0V 1og ¥ z2¢0,1)xB) < ¢ (3.24)
16V9/2|| 20,1y x B) < € (3.25)

and moreover .
||5V'l9 2 ||L2((07T)><B) <c for any 0< A<, (326)

We emphasise that all constants in (3.15) — (3.26) depend on d.

3.3 Pressure estimates

We use the technique based on the Bogovskii operator in order to derive the following estimate

// ((pe(g) +Ipg(0)) 0™ + JgﬁH‘) dzdt < ¢(K) for a certain A > 0 (3.27)
K
for any compact K C [0,T] x B such that

Kn (Ure[O,T] ({T} X FT)> = (.

For details we refer reader to [5, Section 4.2] or [10].

4 Singular limits

In this section, we perform successively the singular limits e — 0, £ — 0 w — 0, and 6 — 0 with v = v(d).

11



4.1 Penalization limit

Firstly, we proceed with ¢ — 0 in (3.7), (3.8), (3.9) and (3.13) while other parameters £, v, w and § remain fixed. Let
{0¢,uc,9c Feso be the corresponding sequence of renormalized solutions of the penalized problem given by Theorem

3.1. The estimates (3.16), (3.21) together with the equation of continuity (3.7), imply that
0: = 0 in Cweax([0,T]; L7 (B)),

and, up to a subsequence,
u. — u weakly in L?(0,T; W, *(B,R?)).

Directly from (3.19) we derive in the limit as ¢ — 0 that

(u—=V)-n(r,)|r. =0 for a.a. T € [0, 7).

(4.1)

Consequently, in accordance with (3.15), (3.16) and the compact embedding L (B) —< W ~%2(B), we obtain

o-u. — gu weakly-(*) in L>(0,T; L/ 0D (B; RY)),
and, due to the embedding W, *(B) < LS(B),
0:u. ® u, — ou® u weakly in L2(0, T; L5/ 4743 (B; R3)),

where the bar denotes a weak limit of a composed function.
Finally we deduce from (3.8) that

o-u. — ou in Cuear([T1, To; L/ OV (O: RY))
for any space-time cylinder
(Ty,T2) x O C [0,T] x B, [Ty, T3] x O NUrgor) ({7} x I'z) = 0.
Since L?Y/(F1(B) «ses W~12(B), we conclude that
ou®u=gu®ua.a. in (0,T) x B.

4.1.1 Strong convergence of temperature

By assumption (2.4)

IVQW) 22 ((0.ryxm) < C </ |V |? dzdt +/ |V19§|2d$dt>
(0,T)x B

(0,T)x B
<c /
[9.<1)

v, |

Ve

dadt + / |V, 2|02 dadt + /
{9.>1} (0.T)xB

Vo2 |2 da:dt)

(4.2)

< C(d) <||V10g?95||2L2((0,T)xB) + ||V?9§||2L2((0,T)x3)) (4.3)

and, with help of (3.24) and (3.25), we get

1Rl L20,7w2(m)) < ¢

12
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consequently, -
Q(Y:) — Q(V) weakly in L*(0,T; W?(B)).

Next, according to Lemma 6.3 in [4] applied to (§ + g-)@Q(J:) we obtain
(6 + 02)Q(V) — (8 + 0)Q(V) strongly in L*(0,T; W~2(B)).
Similarly as in Subsection 7.3.6 in [4] one gets
9. — ¥ strongly in L*((0,T) x Q).

4.1.2 Pointwise convergence of density

Next, we show pointwise convergence of the sequence {g:}.>o. We define

ps(0,9) = p(o,9) + 60°, Ti.(0) = min{o, k}.

Similarly as in [5] we establish the effective viscouse pressure identity:

7o (@ 0VT(0) — p5(0,9) T(0) = 3o (Trl@)dven — Tilo)diven)

which holds only on compact sets K C [0,T] x B satisfying

KN (UTE[O,T] ({T} X FT)> = (.

Following [5], we introduce the oscillations defect measure

0scy (0. — o](K) = sup (limsup/ [Tk (0c) — Tk(g)|qudt> ,
k>0 \ e—0 Ji

and use (4.8) to conclude that
0sCy41[0c — 0J(K) < c(w) < o0,

where the constant c is independent of K. Thus
OSC’Y+1[QE - Q]([OvT] X B) < C(W),
which implies, by virtue of the procedure developed in [4], the desired conclusion

0 — o a.e. in (0,T) x B.

4.1.3 Passing to the limit with ¢

Passing to the limit in (3.7) we obtain

/990(7,')01:6*/ go,aso(Ow)dx:/ /(98t50+9u'vx<p) dxdt
B B 0 B

for any 7 € [0,T] and any ¢ € C°(]0,T] x R3).
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The limit in the momentum equation (3.8) is more delicate. Since we have at hand only the local estimates (3.27)
on the pressure, we have to restrict ourselves to the class of test functions

@ € CH([0,T); W™ (B;R%)), suppldiv.e(r,-)]NT; =0, ¢-n|p. =0 for all 7 € [0, 7). (4.13)

In accordance with (4.11) and (3.27), the momentum equation reads

[ ot ydo— [ (uos- 000, )do (4.14)
B B

T 2
= / / (gu <Orp + olu®u] : Vyp + p(o,9)divyp + §0°div, — (qu +Via— 3diku]1> : ngo) dadt
o JB

for any test function ¢ as in (4.13). In addition, as already observed, the limit solution {o,u} satisfies also the
renormalized equation (3.12). The strong convergence of the temperature (4.7) is sufficient for the non-linear terms
in thermal energy equation to pass to their limits counterparts. In particular:

0:Q(V:) — 0Q(V) weakly in L*(0,T; L™ (B)) with 1 = 6(1777
and 6
0-Q(V.)u. — 0Q(¥)u weakly in L*(0,T; L%(B)) with ¢ = 3 +’Y4’y'

Moreover, if py satisfies hypothesis (2.2) we have
Iepo(02)divau. — Ipy(o)divyu weakly in L' ((0,T) x B)

(in order to provide it one may use (3.25) and additional information from artificial pressure) and since h satisfies
(3.10),
h(0:)0:py(0e)diveu, — h(9)9pg(0)div,u weakly in L'((0,T) x B).

Due to the convexity of the function

=3 . 2) j 3x3
ML 9] { h(ﬁ)(2M.M+>\(O‘cér[Ii\\§I]gléfﬁ20, M€ R
and [4, Lemma 4.8], we get
T T
/ / h(9)Sy, (Vyu) : Vyup dedt < limi(I)lf/ / h(9:)Sw(Vaeue) : Viouep dedt (4.15)
0 JB e o JB

where ¢ is as in (3.9). In order to treat the most-right term in (3.9) we apply [4, Corollary 2.2]. Let us set

T T
/ / e K(02) (= (9.))| V0. 2 dardt = / / |G (D) V0P dedt  with G'(2) = /a(2) (W (). (4.16)
0 B 0 B

The sequence Y, ¢ VG(9.) is uniformly bounded in L'**((0,T) x B) for certain A > 0 and, consequently, /X, ¢VG(9:) —
VXreVG(Y) weakly in L'((0,7) x B). Due to a.e. convergence of J. — 9 we have \/Yye\/k(0)(—N (9:)) —
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VXoeV k() (=R (9)) strongly in L2 Thus, as Vi, — Vi weakly in L?, we get /X, VG(U:) — /Xo.e VG(U) weakly

in L1((0,T) x B). Then convexity of ®(-) = | - |? and [4, Corollary 2.2] provide
T T
| [ xen) - @I9oPodeds <timint [ [ xex0(-H @IV Podadt, (4.17)
o JB e 0 JB

where ¢ is as in (3.9). Since 9. is uniformly bounded in L®*! and due to properties of h, the sequence h(J.)92+! is
uniformly integrable in L' (see [4, Proposition 2.1]). Then a.e. convergence of 9. provides

T T
/ / h(9.)92 o dadt — / / h(9)9 T pdadt  ase — 0.
o JB 0o JB
By the same token
T T
/ / Ko.e.n(Ve)Apdadt — / / Kuen(®)Apdedt ase— 0,
o JB 0o JB
and also
T T
/ / Kn(0:)Vxu,e - Vo dzdt — / / Kn(9)Vxue - Vodzdt ase—0,
o JB 0o JB

where ¢ is as in (3.9). Thus, the renormalized thermal energy inequality (3.9) takes in the limit the same form.
Finally, we obtain the following energy inequality when passing ¢ — 0

1 2 L <] > ! . a+1
/B(QQU +9Pe(g)+5_19 + (0 +9)Q() (T)d:L‘+5/O /BSw.vmquﬂ dzdt

1 |(pu 2 1)
< [ 10l o p s + s+ (ens + )@+ [ (0w V() = (ewos - V(0.)) ds
B2 005 B—-1"" B
+/ / (uw <Vru + Viu - gdivmu]l> :V,V—pu-9,V-—puu:V,V —p(p,9)div,V — 5 d : gﬁdivmV) dzdt.
0 B -
(4.18)

4.1.4 Fundamental lemma and extending the class of test functions

Our next goal is to use the specific choice of the initial data gg s to get rid of the density-dependent terms in (4.14)
supported by the “solid” part ((0,7) x B)\ Q7. To this end, we proceed the same way as in the barotropic case, more
precisely we use [7, Lemma 4.1].

Lemma 4.1 Let o € L*>(0,T;L*(B)), 0 > 0, u € L*(0,T; W01’2(B;]R3)) be a weak solution of the equation of
continuity, specifically,

/B (Q(T, (T, ) — 00(0, )) de = /OT/B (g@tgo + ou- ngo) dadt (4.19)

for any 7 € [0,T] and any test function ¢ € CL([0,T] x R3).
In addition, assume that
(u—=V)(7,)-n|r, =0 for a.a. 7 € (0,T), (4.20)

and that
00 € L*(R?), 00 >0, 0o|p\0, = 0.
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Then
o(7,-)|B\a, =0 for any 7 € [0, T].

By virtue of Lemma 4.1, the momentum equation (4.14) reduces to

/ ou-(r,-)dr — / (ou)o,s - (0,-) dz (4.21)
Q,

Qo

T 2
= / / <gu O+ olu®u] : Vo + plo,9)divep + 80P divayp — i <V$u +Via— Sdiku]l) : Vﬂp) dxdt
o Jo,

g 2
_ / / s (Vzu Vi divzu]I) Vo dadt
o Jma, 3

for any test function ¢ as in (4.13). We remark that in this step we crucially need the extra pressure term §o” ensuring
the density o to be square integrable.

Next, we argue the same way as in [7, Section 4.3.1] to conclude, that the momentum equation (4.21) holds in fact
for any test function ¢ such that

@ € C°([0,T] x R3;R?), @(1,-)-n|p, =0 for any 7 € [0,T]. (4.22)

4.2 The discontinuous heat conductivity coefficient

The aim of this section is to proceed to a limit with & — 0. In other words we pass from a smooth function x, ¢
presented in (3.3) to a jump function x,. We denote by ug, ¢ and g¢ the sequences of functions satisfying relations
(4.12), (4.21), (3.9) and (4.18) which were constructed in a previous section. To pass to the limit £ — 0 we use the a
priori estimates from Section 3.2 to conclude that there exist o, u and 9 such that

0¢ = 0 i Cyeak([0,T]; L7(B)) N Cuear ([0, T]; L7 (B)),
ug — u weakly in L2(0, T; W, % (B, R?)), (4.23)
¢ — ¥ strongly in L*((0,T) x B).

Using the same procedures as in Section 4.1 we pass to the limit in most of the terms in the equations and inequalities
(4.12), (4.21), (3.9) and (4.18). We treat in detail only the terms directly involving x, ¢.
Firstly, we consider the term

T
I = / / XV’gKh(ﬁg)A(p dxdt + ICh(ﬁg)VX% - Vi dadt,
0 B

with ¢ as for (3.9). By integration by parts we derive

T T
7]5 == / / XV7§VIC},,(’£95) . Vgﬁ dzdt = / / Xu’gli(ﬁg)h(ﬂg)V’ﬂf . VQD dzdt.
o JB o JB
As a corollary of (3.22), (3.23), (3.26) and (4.23)5 we get (up to a subsequence)
¢ — 9 weakly in L*(0,T; W'2(B)),
Y¢ — ¥ strongly in LP(0,T;LP(B)) forall pe[l,a+1),

9FTTE 9%+ E weakly in L2(0,T; W'2(B)),

Il
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and also
= igg( 1 strongly in L*((0,T) x B). (4.24)
_|_
§
75 and f = x,(t,x) ’ (j)ghfﬁl), it follows that f¢ — f almost everywhere.
1+ 2 —+v 2

12

Indeed, if we denote fe = xu.¢(t, )
Further, using interpolation between (3.22) and (3.26) we get
H79§||La+% ((O,T)XB) S ¢

and fe € L H % ((0,T) x B) uniformly. Consequently, |f¢|? is uniformly integrable and from the Vitali convergence
theorem we get (4.24).
Finally, we have

I\J‘U‘

Noe (b 2) (9 ) h (D) Ve = Xl D)) h(Ve) (wi + iivw?l )) = agbe.

1+ 97" 2

7
2 2 1

Since ag tends strongly to XLDEWDAG) 5 12((0, T) x B) and be tends to (Vﬁ +

14+92 12

= V(ﬂ%+%)) weakly in L2((0,T) x
12

B), we get
Xov,e(t, 2)k(9¢)h(Ve) Ve — xu(t, 2)k(D)R(I)VY in D'((0,T) x B).

We conclude, that for ¢ such that Vo - n|r, = 0 we get

T T T
Ie — 7/ / Xv VKR () Ve dadt = —/ / Xo V() Ve daedt — / / Xo V() Vi dadt
o JB 0 J 0 JB\Q

T T T
:/ / XUlCh(ﬁ)Agodxdt—I—/ / X,,ICh(ﬁ)Aapdmdt:/ /X,,ICh(ﬂ)Agpdxdt
o Jo, 0 JB\Q 0 JB
T
:/ /Ky,h(ﬁ)Agodxdt.
o JB

It remains to handle the term .
/ / Xoe k(D) (U¢) |V 0¢|* dwdt.
o JB

However, since x,.¢ — X, a.e in B as { — 0, we may proceed similarly as in (4.16) and (4.17).
Hence, after passing with £ — 0 the thermal energy inequality has the form

T
/ / (0+ 8)0n (1) + 0Qn ()0 - Vo + Ko (£, 7, 8) Agp — 5h(9)9°+ o drdlt (4.25)
0 B

< / / (R(9)Ipydiveu — h(9)(1 — 6)Sy : Veu + A (9)k, (t, 2,9) |V 09| dedt + / (00,5 +0)Q(Vo,6)p(0)dz
o JB B

for any ¢ € C([0,T] x R3), 0 >0, o(T) =0, Vo nlss =0, Vo -n|r_ = 0 for any 7 € [0,7] and any h € C°>°([0, 0))
such that (3.10) holds.

The equation of continuity (4.12), momentum equation (4.21) and the global total energy inequality (4.18) remain
in the same forms.
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4.3 Vanishing viscosity limit

In this section we let w — 0 in order to get rid of the last integral in (4.21). Let {o.,u,, 9, }w>0 be the solution
constructed in the previous section. Let us recall that the viscosity coefficient has the following form (see (3.1), (3.2))

@ =const >0 in Qr,
Ho =

T
.
T
[
0o JB\Q

T 2
/ / Lo (Va;uw + Vtxuw — dikuwﬂ> : Vepdadt =
o JB\, 3

tw — 0 ae. in ((0,7) x B) \ Q7.

From (3.18) we deduce that
2

2
Vu, + Vtwuw - gdivzuwﬂ dzdt < ¢ (4.26)

and
2

2
V.u, + Viu, — gdivzuwﬂ dzdt < e.

The last estimate yields

“l IIL Czu( + C u, 77d1§/mu ]I . CM,Od:EdtHOaSuJHO
xT 3
0 B\Qt

for any fixed ¢.
As we know from Lemma 4.1, the density g, is supported by the “fluid” region Qr. We use (3.15), (4.26) and
Korn’s inequality to infer

T
/ |V, u,|? dzdt < c.
0o Jo,

By the arguments of Section 4.1, we let w — 0 and obtain the same form of the continuity equation (4.12). The
momentum equation takes the form

| enelryde= [ (ounsp(0.)da (4.27)
Q.

Qo

= / / (gu 2Orp + o[u®@u] : Vo + plo,9)divep + 60 divee — S(V,u) : Vmcp) dadt
o Jo,

for any test function ¢ as in (4.22). We would like to emphasise that the compactness of the density is necessary only
in the “fluid” part Q7 so a possible loss of regularity of u,, outside Qr is irrelevant.
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The thermal energy equation (4.25) can be written in a form

T
/ / (00 + 8)Qn (9910 + Ko (8) Ao — Sh(0)0% 0 + 00 Qn (V)1 - Vipdardt
0 Q4
T
+ / / 0Qn (V)0 + Ky p (V) Ap — 5h(19w)193+1g0 dxdt
o Jma.
T
< / / (h(92)0upodivatty + h(0.)(6 — 1S, : Vot + 1 (8)50 (9)| Vo |?) ¢ dedt
0 Q
T
+ / / (R(02)(6 = 1)Su = Vatty + 1 (9)100 (9,) [Vt |?) o drdlt + / (005 + 6)Q(Jo.5)0(0) dz (4.28)
0 JB\Q B

for any ¢ € C([0,T] x R3), o >0, o(T) =0, Vo -nlsp =0, Vo -n|r_ =0 for any 7 € [0,7] and any h € C°>°([0, c0))
such that (3.10) holds. Note, that the last integral on the right hand side is negative and thus can be omitted.
By the same arguments as in Section 4.1 we get after passing with w to zero

T
|| 0+ Qu0)ae + Kun(@de = n(0)" o+ 0Qu(@)u- Voo
0 t
T
+ / / 5Qu(9)up + Ko (9) Aep — Sh(9)9° o dardt
o Jma,
T
< / / (h(9)Opgdiven + h(9)(6 — 1)S : Vouu + B (0 (9)|Vad|?) o dardt + / (005 + 6)Q(P0.5)0(0) dz.  (4.29)
0 Q4 B

The total energy inequality (4.18) can be written in the following way

Lo 0 ) da ) de
[ (g + oo+ 5opel + 0000 ) (st [ a0

+ 5/ S, : Veuy, + 92 dadt —|—/ / 1) (Sw : Veu, + 193“) dxdt
0 Q. 0 B\,

T

1|(ou 2 0
< / §M + 00,6 Pe(00,5) + 7935 + (00,5 + 0)Q(Yo,5) dz + /
Qo

0.5 -1 QT(QWuW V(7 ) da — / (ou)o,s - V(0,-) dz

Qo

T 2
+ / / (uw (Vmuw +Viu, — 3divzuwﬂ> : V.V —o,u, -0V —o,u, ®u, : V.,V —po,,9,)div,V
o Ja,

) T 2
— 7diiva dxdt +/ 0Q (o s) dx +/ / e <Vmuw +Viu, — divxuw]l> 1V, Vdedt. (4.30)
B— B\Qo 0o B\ 3

On the right hand side we pass to the limit in the same way as in the momentum equation. The term fOT /, B\ oSy, :
V.u, on the left hand side can be neglected since it is positive and the rest of the terms converge due to the same
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arguments as in Section 4.1. This way as w — 0 we obtain

/ (Q;Iu2+gPe(9)+55_1@5+(@+5)Q(19)> (T)dﬂH/B\Q 0Q(I(r,-)) da

+5/ S: V,u+9ot! dxdt—|—6/ / 9T dadt
Qf B\Q

-

1](ou 2
L](ewo.s|” + 00.5Pe(00,5) + 7 QgéJr (90»5+5)Q(ﬂ0’5)dx+/
2 oos p-1"" o

/ (ou-V)(r,:) dz — /Q (ou)o,s - V(0,-)dx
/ / ( < Lu+ Via— 3divzuﬂ> Ve V—-—pu-9,V-—pu®u:V,V —p(p,9)div,V — ﬂa_lgﬁdivzv> dzdt

+ / 5Q(905)dz.  (4.31)
B\Qo

4.4 Vanishing artificial pressure

In this section we make the final limit procedure § — 0 while setting v = v(d) in a suitable way. In order to derive
estimates independent of d, which we need further, we proceed in the following way. Starting from (4.31) we get

[ (5ol + ono)+ 250 + 04 0Q0) ) (7. s

-

T 1
<o) (1 IVullzn + [ [ G+ 0Pl + o) dnat) . (132
0 Q

where ¢(V) may depend also on B, T and initial conditions but is independent of 4. Using the Gronwall inequality,
we get

1 1)
ess S(l(l)pT) (/Q <29|u|2 + 0Pe(0) + ﬂgﬁ +(o+ 5)Q(l9)> (r,-)dz + /B\Q 3QI)(r,-) dI)
T7€(0, t .
T
5 ﬁa-',-ld dt < 1 Vm 2 . 4.33
+ /0 L €T tfc( +|| UHL (QT)) ( )

In the same way as in [5] one may derive from equation (4.29) that

T T
||qu||%z(QT) < / / S: Vyudzdt < / / VIpy(0)|diveul dedt 4 (1 + ||Vaul p2(g,))
0 Q4 0 Q
1
3

T
< (/ 192])129(@ dl‘dt) vauan(QT) +e(l+ vauan(QT)). (4.34)
0 Qy
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Further,

T 2y T a 2ay—12 D‘Tﬂ
/ / 9203 dxdtﬁ/ (/ o2 dm) </ 0 Ba—12 d:ﬂ) dt
0 Qt 0 Qt Qt
2 —12
< T 3ya
<c (ess sup / 0Q(¥) da:) / (/ 0" dx) dt
te(0,T) JQ, 0 Q
2va—12

4, 2ya—12
<c(l+ ||Vacu||L2((0,T)xszt))““Jr Sy (4.35)

XIS

provided o > @ Note that g M < 2 for any o > 4 and vy > % Combining this and (4.34) we obtain

||vxu||L2(QT) <c (436)
with constant independent of §. Going back to (4.33) we get

ess sup |/ou(t,-)|lr20r < ¢ (4.37)
te(0,T)
ess sup[loft, M < © (4.38)
t€(0,T)
ess sup JHQ(t")Hgﬁ(m) <e, (4.39)
te(0,T)
T
) 9T dzdt < e, (4.40)
o JB
T
4] Q) dzdt < ¢, (4.41)
o JB

with ¢ independent of §.

Let {05, us,9s}s>0 be a solution constructed in the previous section as a consequence of letting w — 0. Now we pass
to the limit with 6 — 0 in the weak formulations of the equations and inequalities (4.12), (4.27), (4.29), (4.31). The key
point here is again the strong convergence of densities which is obtained using the results on propagation of oscillations
mentioned already in Section 4.1.2, for more details see [4]. Having this, we pass to the limit in the continuity equation
(4.12) which together with Lemma 4.1 yields (2.5). We also easily pass to the limit in the momentum equation (4.27)
with test function ¢ as in (4.22). Concerning the total energy inequality (4.31) we proceed in the same steps as in [4,
Section 7.5] to obtain (2.12). It remains to pass to the limit in the thermal energy inequality.

4.4.1 Thermal energy inequality

In order to get a proper limit in thermal energy equation, we set v = 62, we take h(ds) = m, z € (0,1) in (4.29)
and we let ¢ to 0. In order to prove that the terms integrated over the solid part B\ ; vanish in the limit we proceed
in the following way. We have, due to (4.40) and the Holder inequality,

/ /5h 95 ﬂa+1gpdxdt<c/ / 59a+i= zdxdt—c/ /5‘*“ P 9otlr 5w dadt

atl—=z

T at1
< coart (/ / S99t dmdt) <eda -0 asd —0.
0 B




Similarly,

/OT/B(SQh(ﬁ(;)atgodxdt

T T .
<ec </ / 005 dzdt + / / e datdt)
0o JB o JB

T atT T
<cl|ém / / 519?“ dxdt 162 / / c519§‘+1 dzdt —0 asd—0.
0o JB o JB

Finally, by the choice v = §% we have

T
/ / Ko n(Ps)Ap ,dadt
o JB\

T Vs
§/ / 52/ k(z) dz|Ap| dadt
o JB\@, Jo

T
< C/ / 5% (0 +9°T1) [Ap|dzdt -0  asd — 0.
o JB\@,

We omit the details concerning the limit in the terms integrated on the fluid part €2, since it is done in the same way
as in [4, Section 7.5.5] by first proceeding with 6 — 0 keeping z fixed and then passing with z — 0. In the limit, (2.14)
is obtained, which completes the proof of Theorem 2.1.

5 Discussion

The assumption on monotonicity of the pressure is not necessary, the same result can be obtained for a non-monotone
pressure adopting the method developed in [3].

The case of nonconstant viscosities u = p(¥) and n = n(¥) for bounded, continuously differentiable, globally
Lipschitz functions p,n with g bounded away from zero, can be also treated by adopting the technique of [5].

As pointed out in the introduction, the general Navier slip conditions (1.15) are obtained introducing another
boundary integral in the weak formulation, namely

T
/ C(u—V)-pdS, dt
0o Jr,

Taking ¢ = ((x) as a singular parameter, we can deduce results for mixed type no-slip - (partial) slip boundary
conditions prescribed on various components of I';.
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