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Abstract

We consider the Navier—-Stokes—Fourier system describing the motion of a compressible,
viscous, and heat conducting fluid in a bounded domain Q C R?, d = 2,3, with general non-
homogeneous Dirichlet boundary conditions for the velocity and the absolute temperature,
with the associated boundary conditions for the density on the inflow part. We introduce
a new concept of weak solution based on the satisfaction of the entropy inequality together
with a balance law for the ballistic energy. We show the weak—strong uniqueness principle as
well as the existence of global-in—time solutions.

Keywords: Navier-Stokes—Fourier system, Dirichlet boundary conditions, weak solution,
weak—strong uniqueness

To the memory of Andro Mikeli¢

1 Introduction

The time evolution of the density o = o(t,x), the bulk velocity u = u(t,z) and the (absolute)
temperature 9 = ¥(t, z) of a general compressible, viscous, and heat conducting fluid is governed
by the following system of field equations:

0o + div,(pu) = 0,

*The work of N.C. and E.F. was supported by the Czech Sciences Foundation (GACR), Grant Agreement
18-05974S. The Institute of Mathematics of the Academy of Sciences of the Czech Republic is supported by
RV0:67985840.



O(ou) + div,(ou ® u) + V,p(o,9) = div,S + og,
1
¢ (pe(0,1)) + div(ee(o,¥)u) + div,q = S : D,u — p(p, J)div,u, D,u = §(V$u +Viu). (1.1)

Here p = p(p,?) is the pressure related to the internal energy e(o,d) through Gibbs’ equation
1
YDs = De + pD (—> ) (1.2)
0

where the quantity s = s(p,v) is called entropy. We suppose that the fluid is Newtonian, meaning
the viscous stress tensor S satisfies

2
S, D u) = u(v) (V;,;u + Via— C—ldikuﬂ) + n(9)div,ul, (1.3)

with the shear viscosity coefficient p and the bulk viscosity coefficient n. Similarly, we suppose
that the heat flux q is determined by Fourier’s law,

q(9, V1) = —k(9) V0, (1.4)

with the heat conductivity coefficient k. The symbol g = g(¢, x) stands for a given external force
acting on the fluid. The system of equations (1.1), together with the constitutive relations (1.3),
(1.4) is called Navier-Stokes—Fourier system.

We suppose the fluid is confined to a bounded regular domain Q C R? d = 2,3. Our main
goal is to discuss solvability of the initial-boundary value problem for the Navier-Stokes—Fourier
system endowed with the non-homogeneous Dirichlet boundary conditions

11|aQ = up,

Voa = Vg (1.5)

Accordingly, the inflow boundary conditions for the density must be prescribed,

ole. = 05, T = {(t,x) ]t € [0,T], = € 99, up(t,z) - n(z) < o} , (1.6)
where n denotes the outer normal vector to 0f2.

The problem (1.1)—(1.6) is well posed locally in time for smooth initial data in the class of
smooth solutions, see e.g. Valli and Zajaczkowski [12]. Our objective is global-in—time solvability
in the class of weak solutions. The overwhelming majority of the available literature on the
weak solvability of the Navier—-Stokes—Fourier system is devoted to conservative or space periodic
boundary conditions, where the total energy of the system is conserved, see Lions [11, Chapter
8], Bresch and Desjardins [2], [3], Bresch and Jabin [4] or the monographs [7], [9]. Recently,
the approach of [9] has been extended to the open system with general in/out flow boundary
conditions, see [10]. Still, the choice of boundary conditions admissible in [10] requires the control
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of the internal (heat) energy flux q on 0€2. Thus the important class of problems, where the
boundary temperature Jp is given, among which the well known Rayleigh-Bénard problem, is not
covered by the theory developed in [10]. The goal of the present paper is to fill this gap.

The principal and well known difficulty of nonlinear systems of fluid mechanics is that the a
priori bounds based on the energy estimates are not strong enough to render certain quantities,
specifically the source term S : D, u — pdiv,u, equi-integrable. The approach used in [9] replaces
the internal energy equation by the entropy inequality

1 )
(0s(0, 7)) +dive(os(oV)u) +divy | ——— | =2 5 , Dzu) - Dyu —
(1.7)
supplemented by the total energy balance
d 1
T [ggluﬁ + oe(p, 19)} der = / 0g - u dz. (1.8)
Q Q

Of course, the energy balance (1.8) holds only for energetically insulated systems, where ug = 0,
q-n|go = 0. The main idea to accommodate the Dirichlet boundary conditions for the temperature
is to replace (1.8) by a similar relation for the ballistic energy

1 N
/ [Eglu —up|® + ce(o, ) — Jos(o, 19)} dz,
Q

where 9 is an arbitrary smooth function satisfying the boundary conditions 15|39 = 1. Here the
term ballistic is motivated by Ericksen [6], where the quantity

oe —VUpos

is called ballistic free energy. The advantage of working with the ballistic energy rather than the
total energy is that the time evolution of the former can be described only in terms of the boundary
values ug, Vg, 0p.

The weak formulation based on the balance of entropy and ballistic free energy gives rise to
the concept of weak solution enjoying the following properties:

e Global existence. The weak solutions exist globally in time for any physically admissible
choice of the initial/boundary data.

e Weak-strong uniqueness. A weak solution and the strong solution corresponding to the
same initial/boundary data coincide as long as the strong solution exists.

e Compatibility. Any regular weak solution is a strong solution.

The paper is organized as follows. In Section 2, we collect the available preliminary material
and introduce the concept of weak solution. In Section 3, we prove the weak—strong uniqueness
property. Finally, in Section 4, we show the existence of weak solutions on an arbitrary time
interval.



2  Weak formulation

Our goal is to derive a suitable weak formulation for the Navier-Stokes-Fourier system supple-
mented with the boundary conditions (1.5), (1.6).

2.1 Equation of continuity

We say that p, u satisfy the equation of continuity (1.1); if the integral identity

/OT/Q [Qatgo + ou - Vmgo} dz dt
t=r

_ / oo [us - n]~do, + / o [uB-nrdm[ / 0 dx} (2.1)
o0 o0 Q t=0

holds for any 0 < 7 < T, ¢ € C1([0,T] x Q). Here and hereafter, we use the notation
[v]" = max{v,0}, [v]” = min{v, 0}.

The quantity on the right—-hand side should be interpreted as the normal trace of the (d +
1)—dimensional vector field [p, u] on the space—time cylinder (0,7) x €2, cf. Chen, Torres, Ziemer
[5]. We tacitly assume that all integrals exist finite.

2.2 Momentum equation
We suppose that the velocity admits a Sobolev trace ug on 052, specifically,
(u—ug) € L(0,T; Wy " (Q; RY)) for some r > 1, (2.2)

where up = ugp(t,z) has been extended to all (t,z) € R¥!. The momentum equation (1.1) is
then interpreted in the following sense:

/ / [gu cOp+ou®@u: Vo + plo, ﬂ)divxcp] dx dt
0o Ja

t=1

:/OT/Q [S(z?,]]])xu) :Dxcp—gg-cp] dx dt + {/Q ou- @ dx} (2.3)

t=0

for any 0 <7 < T, ¢ € CL[0,T] x Q; R?).

2.3 Entropy inequality

As pointed out in the introduction, our strategy is to “replace” the internal energy balance (1.1)3 by
the entropy inequality (1.7). To comply with the Dirichlet boundary condition for the temperature,
we suppose

(9 —0p) € L*(0,T; Wy (), (2.4)
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where ¥p = ¥pg(t, ) has been extended as a smooth strictly positive function on R4™!. The weak
formulation of (1.7) reads

/ / 00,0 + osu - Vm<p+19 ng:] dx dt

/ / ( (¥,D,u) : Dyu — (19,%;9).%19) dxdt+/g(gs)(o,.)¢ dz (2.5)

for any o € C([0,T) x Q), ¢ > 0. Unlike the density ¢ or the momentum pu the total entropy ps
is in general not weakly continuous in the time variable. Nevertheless, it follows from (2.5) that

OTI—>/QS Yo dx, ¢ € CHRQ), ¢ >0,
can be written as a sum of a non—decreasing and a continuous function. Consequently, setting

1 T
Vo dz = lim - dz. 0 <T
/Q@S(T,)cﬁ T 51{%5/7_6/QQS¢ z, 0<7<T,

we may consider the total entropy s is weakly caglad (left continuous with the limit from the
right) function of ¢ € [0, 7] with the convention that its value at ¢t = 0 is given by the initial data.
Accordingly, the weak formulation (2.5) can be written in the form

t=T2 T2
{/ 08 dx} — / / [gs@gp + osu -V, + % . Vmgo} dx dt

/ / ( (¥, Dyu) :Dxu_q(ﬂ,vxg)vxﬁ) da dt (2.6)

for any 0 <7 <7 <T, and any ¢ € C}([0,T] x Q), » > 0.

2.4 Ballistic energy

Assuming for a moment that all quantities in question are smooth, we multiply the momentum
equation on (u — ug) and integrate by parts over 2. Similarly, we integrate the internal energy
equation (1.1)3. Summing up the results, we obtain the total energy balance

d 1
- {—Q‘U—UBF‘FQ@} dx—i—/ ope(op, Ip) [uB'n]d0m+/ ce(0,9p) [up -n]"do,
dt Jo |2 09 09
1
+/ q-ndax:—/ [Qu®u—|—p]1—8} :D,up da:—l——/gu-Vx]uB]2 dx
o0 Q 2 Ja

+ /Q o(lu—ug)-(g—oup) drx (2.7)



Unfortunately, relation (2.7) cannot be used in the weak formulation as we do not control the

boundary integral
/ q-n do,.
o9

Consider 9 € C([0,T] x Q), U > 0, |pq = J5. Multiplying the entropy inequality (1.7) by 9
and integrating by parts we obtain

- 9 v
—i/ﬁgs dx—/ Qﬁgsug-ndax—/ q-ndamg—/Q(S:]D)Iu—qv ) dz
dt Jg Py) PiY) oV U
~ ~ q ~
- /Q [gs (@tﬁ+u-vxﬁ>+5-vxﬁ] do (2.8)

Summing up (2.7), (2.8) we get the ballistic energy inequality

(

1 9 ~

—olu —ug|® + ge — Yos| dx
ql2

+ [QBFJ 0B,VB) 193933(937193)} [ug -n] do,
Q

Q

—l—/ [Qe 0,9p) — Ipos(p, 193)] [ug - n|*do,
29

] q- V0

1
§—/ [Qu®u+p]I—S] :D,up dx+§/gu-vz|u3|2 dx
Q Q

* / o(u—up) - (g — dup) do
— /Q [QS (&5 +u- Vx7§> + % . Vﬂﬂ dz. (2.9)

Note carefully that (2.9) does not contain the boundary heat flux and therefore it is suitable to be
included in the weak formulation of the problem. Accordingly, we require

—1(0) / ( olu —upl* + e — 1993) dz
—/ 3t¢/ ( |u—uB\2+ge—19gs> dx dt
+/ (0 [936(037793) - ?93@38(,93,193)} [ug - n] do, dt
0 09
T
+/ (0 [96(9, VUp) — Vpos(o, 193)] [up - n]*do, dt
0 09
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(S Dmu—q'Z”ﬁ> Az dt

T 1
gu®u+p]I—S} :Dyup dxdt—l—/ wﬁ/gu-vr|u3|2 dz dt
0 Q

]
< v
ol
-

(4
0

o(u—ug)-(g— dup) dedt

{o\.-\\ %|¢oz

Qs (aﬂ? tu- vx&) + % : vmﬂ de dt (2.10)

for any 0 € CY([0,T] x Q), 9 >0, 5‘]39 =g, and any ¢ € C}0,T), v» > 0. By a proper choice of
the test function ¢, it is a routine matter to deduce the integrated from of (2.10), namely

t=1

{/ (1Q|u —upl® + oe — ﬁgs) dx}
2 =0
/ / [936(937?93) - 193@35(@3,193)] [up - 0] do, dt
o Joq
/ QG(Q, 193) - 19395(97 193)} [uB . n]+dax dt
20

Q
v/
0
+/ (S:Dxu— q'v’”ﬁ) Az dt

)
1 T
QU@U—I—pH—S} :D,ug dxdt+§/ /Qu-Vx]uB\z dz dt
0o Ja

< —

o(lu—ug)-(g—Oug) dedt

+

\\\ eolem

[l
J, ),
iy

for a.a. 0 < 7 < T whenever 9 € C([0,T] x Q), ¥ > 0, 0]sq = Ip.

[gs 8t19+u \Y 19) %Vxﬁ] dz dt (2.11)

2.5 Constitutive relations

The constitutive relation imposed on the equation of state and the transport coefficients are mo-
tivated by [9]. Specifically, we suppose

) + 294 e(0,0) = 8% (19 ) + 290 a0, (2.12)
i) o

2

plo, V) = 19P< 3 5%

where P € C*(0, 00) satisfies
SP(Z)— P(2)%

P(0)=0, P'(Z)>0for Z>0, 0< < cfor Z > 0. (2.13)
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This implies, in particular, that Z — P(Z)/Z § is decreasing, and we suppose

. P(2)
Zlggo pe = Poo > 0. (2.14)

Accordingly, the entropy s takes the form

0 4a 93
s(0,0) =8| +—=——, 2.15
e =s(5)+ 52 (2.15)
where sp(7) - P(2)7
/ o _§§ - P
S'(7) = 5 73 : (2.16)

The reader may consult [9, Chapter 1] for the physical background of the above constitutive theory.
As for the transport coefficients, we suppose that u, 1, and k are continuously differentiable
functions of the temperature ¢ satisfying

0<p(1+0%) <p@) <p(+9%), W) <cforall v >0, %gAgl,
0<n@) <7 (1+9"%),
0<k(14+9%) <k <E(1+9%). (2.17)

The property that both y and x are unbounded for ¥ — oo is characteristic for gases, see Becker

[1].

2.6 Weak solutions

We are ready to introduce the concept of weak solution to the Navier—Stokes—Fourier system.

Definition 2.1 (Weak solution). We say that a trio (p,?,u) is a weak solution of the Navier—
Stokes—Fourier system (1.1)—(1.6) in (0,7") x  with the initial data

9(07 ) = 0o, (Qu)(()? ) = Iy, (QS(Q7 ?9))(0) ) = SO’ (218)
if the following holds:

e Conservation of mass.

wlu

0 € Cyueax([0,T]; L3(Q2)) N Lg((O,T) x 082; lup - n|t(dt ® do,)), 0> 0 a.a,;

ou € Cuear([0, T); L (22 RY):

the weak formulation of the equation of continuity (2.1) is satisfied with (0, ) = go for any
0 <7 <T, and any test function ¢ € C*([0,T] x Q).



e Balance of momentum.

8

L" T- l,rQ_ d —
ue L"0,T;W>"(Q; RY), r R

(u—ug) € L'(0,T; Wy (; RY);

the weak formulation of the momentum balance (2.3) holds with (ou)(0,-) = mg for any
0<7<T, and any ¢ € C1([0,T] x ; R?).

¢ Entropy inequality.

¥ e L0, T; L*(Q) N L2(0, T; WH(Q)), (9 — ) € L*(0,T;W,*(Q)), 9 > 0 a.a.,
log(¥) € L*((0,7); Wh2(Q));

the weak formulation of the entropy inequality (2.5) is satisfied with (0s)(0,-) = Sy for any
p € CH[0,T) x Q), > 0.

e Ballistic energy balance. The inequality (2.10) holds for any
Ve CH[0,T] x Q), 9 >0, J]sq =15,
and any ¢ € C10,T), ¢ > 0.
In the next section, we show that the weak solutions introduced in Definition 2.1 comply with
the weak—strong uniqueness principle and therefore represent a suitable generalization of classical
solutions

3 Relative energy and weak—strong uniqueness principle

The proof of the weak—strong uniqueness principle is in the same spirit as in [10]. We introduce
the relative energy and use it as a Bregman distance between the strong and weak solution.

3.1 Relative energy

The relative energy is defined in the same way as in [10]:

E (0,0,u/6,9,a)

= pelu— oo — (o5 — 35(2.0)) — (e(6.0) ~ 75(2.0) + ZED) (0 - ) — el

| ~ L
= Lofu—af? + oo — dos — (e(@.9) — ds(z. ) + X2




As observed in [10], the relative energy interpreted in terms of the conservative entropy variables
(0, S = ps,m = pu) represents a Bregman distance associated to the energy functional

1 |m/?

m
E(Q,S,m)=§ . + 0e(0, S).

Indeed it follows from our hypotheses concerning the form of the equation of state that e, p satisfy
the hypothesis of thermodynamic stability

op(o, V)
do

de(p,v)
oY

> 0, > 0,

which in turn yields convexity of the internal energy ge(p, S) with respect to the variables (p, S).

In addition,
9(oe(0,S)) p 0(ee(o,9))
90 =e—Us+ o’ o9

Thus the relative energy expressed in the conservative entropy variable may be interpreted as

— . (3.2)

E (g, s, m‘@, 3 ffl) — E(0,5,m) — <8E(§, S.m);(0—5,5—S5,m— ﬁl)> — E(3,5,m).

3.2 Relative energy inequality

Our goal is to describe the time evolution of the relative energy

t»—>/QE<g,19,u

where (p,9,u) is a weak solution of the Navier-Stokes-Fourier system and (3,9, @) is an arbitrary
trio of “test” functions satisfying

@,é,ﬁ) (t,-) da,

0eCY0,T] xQ), infg >0, JeCH[0,T] x Q), infd >0, V|osq = Vg,
e CH[0,T] x Q; RY), 1]pq = ug. (3.3)

Going back to (3.1) we observe that

_ 1 _
/E(Q,ﬁ,u‘@,ﬂ,ﬁ) dx:/ {—Q|u—ﬁ|2+ge—ﬁgs} dz
Q \Q 2

Vv
ballistic energy
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where the time evolution of the ballistic energy is given by (2.11). Indeed the inequality (2.11)
is in fact independent of the specific extension of the boundary velocity ug inside 2. As for the

integral 3
<= ~ 0,V
[ (eta9) —sta.) + H2D) an,
Q 0

it can be evaluated by using (e(@, 0) —9s(3,0) + p(E’ng)) as a test function in the weak form of the

equation of continuity (2.5).
Summarizing, we deduce the relative energy inequality in the form

t=1

l—|

Q,ﬁ,u‘@,ﬁ,ﬁ> dx]

t=0

_ . 0,V _
|:QB€ QB,193) ﬁBQBS(QB,ﬁB) (6(97 193) - 1933(97 1913) + %) QB:| [uB : n] do, dt

\

onN

|:Qe(ga Up) —Ipos(o,Vp) — (e(é, Up) —Ups(0,98) + @) Q] [up - n]"do, dt

_l_
Nc\\
m\

+ T/:g (S(ﬂ,]D)xu) :Dyu — W) dx dt

< /OT/ng— @) V.p(6,9) ded

[ (et sta.0900 + 066 - st - v+ (W7 0,5) ara

_ /OT/Q [Q(u — 1) ® (u—1) + plo, NI — S(¥, ]D)xu)} :D,u dxdt

+/OT/QQ g—0u—(a-V,)a— %pr(@ﬁ)l (u—u) dedt

+ /OT/Q {(1 — E) dp(8,9) — gu - V.p(0, 15)] dzdt (3.4)

for a.a. 0 < 7 < T, for any weak solution (¢,%,u) of the Navier-Stokes-Fourier system in the
sense of Definition 2.1 and any trio of test functions (g, 9, ) belonging to the class (3.3).

3.3 Weak strong uniqueness

The obvious idea how to compare a weak and strong solution is to use the strong solution (g, 1§, u)
as the trio of test functions in the relative energy inequality (3.4). Keeping in mind that (g, %, u)
and (9, v, 1) share the same initial and boundary data as well as the driving force g, the inequality
(3.4) simplifies to

/E(g,ﬁ,u @,5,&) (1,-) dx—/ / p(oB,¥p) [up -n] do, dt
Q 0 Jog
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Q [@e@, ) — Dr0s(0.05) — (o6, 08) — 0ms(2.03) + L) o] o,

(S(ﬁ,ﬂ)xu) : Du — qw’v”“::) : V“?) dz dt

+
S~ S~
s~

{o\:a\io\»:;\b\

+

v
v
2

IN

(u—1)-Vp(g,9) drdt

0
(Q 5— 5 Q, )00 + o(s — s(o, Iu - V0 + (W) . V;ﬂ) dx dt

[Q (u—1) + p(o, V) — S(v, ]D)xu)} :D,a dedt

+

O\No\,o\,

div,S(9,D,1) - (i — u) dzdt

g
T<1 - -> Ap(5,9) — gu - V.p(3, 5})} da dt. (3.5)

Moreover, regrouping certain integrals in (3.5) we obtain

B (e0ula0.8) (o de= [ plomdm) fun -0l doar

//BQ {@6 (0,98) — Upos(o,V5) — (e(é,ﬁg)—19Bs<§,q93)+p(é’f93>)Q} s - n]*do, di

//(——1) (¥,Dzu) : Du d$dt—|—/ /(1——)( ﬁv? V’”ﬁ) dadt
+/0 /Qqﬂ,vxﬂb (0 =) A dt

X / / S(@)Dxﬁ) —S(ﬁ,ID)xu)> D@ — ) dedt

V.p(6,9) dwdt

(s — 5(0,0))0,9 + o(s — 5(5,9))1 - Vmﬁ) dz dt

AN
Nc\o\
:J\;o\

/ Y)div,a drdt

/ /Kl_‘> (0. )——u Vap(0,V ] dxdt+/ /R1 dzdt (3.6)

with the quadratic error

Ry =p(t—u)® (u—u):D,a+ (§ — 1) div,S(¥9, D,u) (@ — u)

12



3.3.1 Pressure

Obviously,
- / u- vxp(éu 15) dr = _/ p(QBaﬁB) [uB ' n]ido':v _/ p(§7 793) [uB : n]+d0'x
0 09 09
+/p(@,1§)divxﬁ dz;
Q
whence (3.7) can be written as
E{o0,9,u
Al
T B B ~719
+/ / |:Q6(Q, Ug) —Vpos(o,Vp) — (e(g, Ug) — ¥ps(0,98) + p(gé B>> Q] [up -n]*do, dt
0o Joo
[ p(a.0m) fuanltdo,
0o Joa
+/ / é—l S(9,Dyu) : Dyu dxdt+/ / 1—2 q, VoY) - Vi) dz dt
v o Ja V Y

// 19V19 V(9 — ) o dt

+/0 /Q<S(19,]Dxu) S(d, ]Dxu)> D, (i — u) drdt
< _// (als — 5(2. 0010 + als — (2.9~ V) duwds
+ [ [0@9) - plo.o)diva ot

+/O/Q [(1_§> (Oup2.9) — - V.p(a. ) } dxdt+/ /R2 dz dt, (3.8)

Ry =Ry + (1 - g) (u—1) Vp(s,9). (3.9)

@,&,ﬁ) (r,-) dz

Next, we use the identity ~ N

do ¢ 09
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to compute
(1-2) (2(@.0) + - Vop(@.0) +diveir(p(2. ) ~ ple.9))

:diV~<<§ J) ~ ap(ai;ﬁ)(é 0) - 8pf§919)(79 V) - (9,19)>

+ (1 - Q) 0p(2.9) (90 + - v.9) - 0= 09p(0.9) (90+ - V.0)

o0 i o
~aie(p(a.9) - 2L ) - %ﬁmw )= #e.0)
—(6— o) ‘95(9 ) (&19 - V,0) + (at@ i V,0)
:wf(ww WED Gy - apw% 9) ~ plo.1)
~5(6 - o) aS(Q ) N(od+a-v.0) -2 1919 (00 + - V.0)

U

—(ﬁ—ﬁ)dlvm<%) (1—%) <S:vz — Z )

Consequently, (3.8) gives rise to

/E(919U‘919 )( Y dw
/ /asz {Qe 0 U8) = Vpos(0.V) = ( (‘-57193)_1935(@,193)+p(é7}93)> Q] [up - n]*do, dt
/0 /asz ~Qﬂ%s [up - n|tdo,
+/OT/Q <§—1> S(¥,D,u) : Dyu dxdt~|—/07/ﬂ (1_§> ( a(v, Vg) Vgﬂ?) o dt
. /0 /Q q(&vm)bvx(é—ﬁ) et
// Séﬂ)ﬁ— -]D)(ﬁ—u)d:cdt
//1919 (0V0>dxdt

+/0 /Q<1— 5) (S(ﬁ,ﬂ)xﬁ) D0 — Mﬁ,gﬁ)) dde/oT/QR?’ dz dt (3.10)
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with the quadratic error

Ry = Ry + divxﬁ<p(é, 0) — %@;9)@ —0) - %(@ — ) = plo, 19))
+0 <s(@, ) — %279)(@ —0) — %(& — ) — s) (90 4 1 - V,.0). (3.11)

Finally, using the fact that ¢ — 9 vanishes on the boundary, we may integrate by parts

—L(@—ﬁ)divm (M) dz :/Q (M) V(9 —9) dz
to conclude

/QE(Q,QS‘,u

[ [ {ge(g, V) — os(o. Vs) - (e(@, 0m) — Dis(2. 0m) + 1L 193)) Q} g 0" do, di

" /oT /aQ p(8,95) [up - n]*do,

+/ / v_4 S(9,D,u) : Dyu dxdt—f—/ /(2—1) S(J, D, &) : Dyt dadt

0 0 19 0 Q 19

+/ / Y (q(ﬂ’vxﬁ)'v"f% dxdt—i—/ /(1—2) AVl
0 Ja v v o Ja ] J

+/o/9 Y 3 )Vm(ﬁ W) dzdt

+/OT/Q<S(Q§,Dxﬁ)_S(q9,D$u)> :D,(0— u) da:dtg/OT/QRg dx dt (3.12)

with the quadratic error R3 determined successively via (3.7), (3.9), and (3.11).

The final inequality (3.12) as well as the quadratic error (3.11) are exactly the same (modulo
the boundary flux not present in (3.12)) as in [10, Section 4, formula (4.5)]. Thus repeating the
arguments of [10] we deduce the desired conclusion

/QE<Q,79,u

We have proved the following result.

@,&,ﬁ) (r,-) de

@,@,ﬁ) (1,-) de =0 for a.a. 7 € (0, 7).
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Theorem 3.1 (Weak-strong uniqueness principle). Let the pressure p = p(o,v), the internal
energy e = e(p,v), and the entropy s = s(p,V¥) satisfy the hypotheses (2.12)—(2.15). Let the
transport coefficients p = p(9), n = n(¥), k = (V) be continuously differentiable functions of ¥
satisfying (2.17). Let (o,9,u) be a weak solution of the Navier—Stokes—Fourier system in (0,T) x
in the sense of Definition 2.1. Suppose that the same problem with the same initial data o9, my,
So, the boundary data og, Vg, ug, and the driving force g admits a strong solution (@,5‘, u) in the
class

0, 9 € CY[0,T]xQ), i e C'([0,T]xQ), V2J € BC((0,T)xQ; RY), Vi € BC((0,T)xQ; R™9),

Then

0=0, 9=", u=u1n (0,T) x Q.

4 Existence of weak solutions

Our ultimate goal is to establish the existence of a weak solution for given data on an arbitrary
time interval (0,7"). We address in detail two principal issues:

e ¢ priori bounds that guarantee boundedness of the ballistic energy as well as the dissipation
term in the inequality (2.9);

e a suitable approximation scheme to construct the weak solutions.

Having established this, we omit the proof of convergence of approximate solutions as it is basically
the same as in [10]. As a matter of fact, the present setting is even easier than in [10] as the
temperature is given on the whole domain boundary. To avoid technicalities, we assume that
Q) C R is a smooth bounded domain of class at least C®, and that the boundary data op, ug, 95
are at least twice continuously differentiable. In particular, the outer normal is well defined.

4.1 A priori bounds

In comparison with [9] or [10], the a priori bounds for the Dirichlet problem are more difficult to
obtain as the heat flux through the boundary is not controlled. The relevant estimates are derived
from the ballistic energy inequality (2.9) evaluated for a suitable temperature ¥. To simplify, we
shall assume that the viscosity coefficients satisfy hypothesis (2.17) with A = 1. Consequently, by
virtue of Korn—Poincaré inequality,

/ SS(ﬁ;]Dxu) :Dyu dz < igf{@} (||u||%V1,2(Q) — c(uB)> : (4.1)
Q
By the same token, we get

< Dl g o + clum)(L+ [ 0 do)
Q

/S(g, D,u) : Dyup dz
Q
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Thus we may rewrite the ballistic energy inequality (2.11) in the form

1 _
/ <—Q]u —upl® + oe — 19@3) (1,-) dz
a \ 2

+/ / [Qe(& V) —Ipops(o, 193)] [up -n]*do, dt
o Joo
T er3 9)| V02
+/ inf{ﬁ}/ (HUH%/VL?(Q'Rd)_‘_M> dz dt
0o © Q ’ v

1 -
< / <§Q0|UO — uB|2 + Qoe(go, 190) — 19QOS<Q0,190)) dz
Q
T 1 N
+c(0B,Yp,uB, g) [1 + / / (§Q\u —upl* + oe — ﬁgs) dz dt
0 Q

_ /OT/Q [QS (@t@ +u- Vﬁ) + % . Vﬂ§:| dx dt} ) (4.2)

It remains to control the last integral in (4.2). To this end, we first fix the extension 9 to be
the unique solution of the Laplace equation

A(r,) =0in Q, I(r,")]sq = Up for any 7 € [0,T]. (4.3)
It follows from the standard maximum principle for harmonic functions that

min 95 < J(t,z) < max g for any (t,2) € (0,T) x Q.
[0,T]x 00 [0,T]x 00

Let us denote this particular extension as .
A simple integration by parts yields

9
—/ 91.v.9, dx:/@vm-vzﬁfg dx:/VIK(ﬁ)-VmﬁB dx:/ K(95)V.95 - n,
Qﬁ Q v Q 0N

where K'(9) = ”ng).
Next, as ¥p is continuously differentiable in time, we get

1
—/ 0s0p dx < ¢ + 62/ (ﬁg\u — uB]2 + oe — 193@3) dx for some ¢y, ¢y > 0.
Q Q

Summarizing we deduce from (4.2):
1 2
solu—up|"+ e —Vpos | (1,-) dv
o \2
+/ / [96(9, VUp) —Vpops(o, 193)} [up - n]Tdo, dt
0 Joo
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5(0) V0P
# it 1) [ [ (s + S5 arar

</< ooluo — ug|® + ooe(00, o) — 193@08(90,190)) dz + ¢

/ /< olu —ug|* + Q6—19393> dz dt
—/ /Qgsu-vgcﬁg dz dt. (4.4)
0

As the entropy is given by (2.15), we have

—/qu~V$193 dxz—/gS(ﬁ)u V.U5B dx——/ﬁu V.95 dzx, (4.5)
Q 2

where § is determined, modulo an additive constant, by (2.16). In addition to the hypotheses
(2.12)—(2.14), we suppose that s satisfies the Third law of thermodynamics, specifically,

s(0,9) — 0 as ¥ — 0 for any o > 0. (4.6)
As shown in [8, Section 4, formula (4.6)], this implies

0 ’S (19%)‘ N (Q + Q‘ log(g)’ + g[log(ﬁ)ﬁ) for any o > 0, v > 0.

Consequently, going back to (4.5) we obtain

QS (ﬁ2>u V.0p dz

< </Q|u|2 dl’—l—/932< 3) dx) N <1+/g|u|2 dx—k/gg dx—l—/194 dx)
Q 92 0 Q Q

1
< 03+c4/ (§g|u—u3|2+ge—19393> dx, c3,¢4 > 0. (4.7)
Q

In order to control the radiative component of the entropy flux, we have to strengthen our
hypothesis concerning the growth of the heat conductivity coefficient (1) for large values of . In
accordance with our previous agreement concerning the linear growth of the viscosity coefficients,
we replace (2.17) by

(1+9), |(0)] <cforall ¥ >0,

(1+97), B>6. (4.8)



Consequently, on the one hand,

k(9)|V 0 1 _
/% dmz/ (E—I—ﬁﬁ 2) V.02 du, (4.9)
0 Q0

while, on the other hand,

< ellulffyra@pe + c@IPl720) (4.10)

/193u V. Up dz
Q

for any € > 0. Furthermore,

19°)122(q) = / 9° dx +/ W8 da < |QKS + K6°F° / 9P dx.
<K I>K )
Next, by Holder and Poincaré inequalities,
8 8
/9195 do S ([0 sy = 19 [ Zsgay = 192 o) = (Va0 32y + c(0)
N / 092\, 0% dz + c(9p).
Q
As 8 > 6, we can first fix £ > 0 small enough and then K = K(¢g) large enough so that the integral

(4.10) is dominate by the left-hand side of (4.4).

Summing up the previous estimates we may convert (4.4) in the desired relation

/ (lg|u —upl® + oe — @gs) (1,-) dz

o \2

+/ / 96(9,193)—193933(@193)} [up - n]tdo, dt
o0

()| V0P
# it 0} [ (Il + S5 aoat

</< 00lug — upl* + goe(00, Vo) — ﬂgos(go,ﬁo)) dz + cs

+c6/ /( |u—uB\2+ge—19@s> dx dt. (4.11)

The required a priori bounds follow form (4.11) by means of Gronwall lemma.

Remark 4.1 (Constant boundary temperature). Of course, the extra hypotheses (4.6), (4.8) are
not necessary provided the boundary temperature v is a positive constant or a function that
depends only on ¢, in which case V, 5 = 0.
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4.2 Approximation scheme

First we choose a system of functions {w;}°2, C C°(Q; R?) that form an orthonormal basis of
the space L*(Q; R?) and fix two positive parameters € > 0, § > 0. We also introduce an auxiliary
function

zif z < —%,
2], € C*(R), [2], =< non-decreasing < min{z,0} if —+ <z <4
0if z > %
In other words, [z]; is a smooth approximation of the negative part [z]~ = min{0, z}.

The basic level approximate solution is a trio of functions (g, ¥, u), where

u=v-+ug, vel(0,7T];X,), X, =span {wj

1<5< n} .
The functions (g, 9, u) solve the following system of equations:

e Vanishing viscosity approximation of the equation of continuity.

0o + dive(ou) = Ao in (0,7) x Q,
eV.0-n=(0—op)ug-nj, in (0,7) x 09,
0(0,+) = 0os- (4.12)

e Galerkin approximation of the momentum equation.

/ / [Qu e +ou@u: Ve +6 (o + 0%) divep + p(o, ﬁ)divxgo} dedt
0 Q
T t=7
:/ /[Ss(ﬂ,DIU) :sto—gg-so] dz dt + U ou - dx] , ou(0, ) = my,
0 JQ Q t=0
(4.13)

for any 0 < 7 < T, ¢ € C*([0,7T]; X,,). Here S5 denotes the viscous stress with the shear
viscosity pus = p + 00.

e Approximate internal energy balance.

1
0| ole(0,9) + 39)| + div..|o(e(o,9) + 30)u] — div, {(5 (ﬁf + 5) + mw)) vxﬁ]
=S5 : Dyu — p(o,9)div,u
+e0 (Do 24 2) [V,0” + % — & in (0,T) x Q,
9 =g in (0,T) x A,
9(0,-) = . (4.14)
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Thus the scheme at the basic level is almost identical with that used in [10] except the boundary
conditions in (4.14). Consequently, we can pass to the entropy as well as the ballistic energy balance
as long as the temperature is strictly positive. Indeed it is legal to use (u — ug) as a test function
in the approximate momentum balance and to integrate the approximate internal energy equation
to obtain an analogue of the total energy balance (2.7) as well as the ballistic energy inequality
(2.11). With the a priori estimates established in the preceding section at hand, the convergence
of the approximate scheme can be shown similarly to [10]. We conclude by stating the global
existence result.

Theorem 4.2 (Global existence). Let Q C RY, d = 2,3 be a bounded domain of class at least
C3. Suppose that the boundary data ug = ug(t,z), op = 0p(t,x), and Ip = Vp(t, ) are twice
continuously differentiable, and
inf o >0, inf Y5> 0.
[0,T]x 00 [0,T]x 00
Let the pressure p = p(p,v), the internal energy e = e(p,9), the entropy s = s(o,9) satisfy the
hypotheses (2.12)—(2.16), and let the transport coefficients p = p(¥), n = n(¥), and k = K(I)

satisfy (2.17). In addition, if 9p # const, we suppose (4.6) and (4.8).
Then for any T > 0, any initial data

00, 19071107 0o > 07 190 > 07 /

1
(§QO|110|2 + 00€( 00, Yo) — VB 005(00, 190)) dz < oo,
0

and any g € L=((0,T) x Q; RY), there exists a weak solution (0,9, u) of the Navier—Stokes—Fourier
system in (0,T) x Q in the sense of Definition 2.1.
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