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Abstract

We provide in this article an investigation of the globally modified Navier-Stokes problem
coupled with the heat equation. After deriving the variational formulation of this problem,
we prove the existence and the uniqueness of the solution using the method of Faedo-Galerkin
and some compactness results. Next, we propose a time discretization of these equations based
on Euler’s implicit scheme. We prove the existence of solution with the aid of Brouwer’s fixed
point and study the stability of discrete in time solution by using the energy approach.
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1 Governing equations and its mathematical setting

1.1 Formulation of the problem
Let © C R® be an open bounded set with regular boundary T' = 9Q. We define the function
Fy : Rt - R by

Fx(r) = min{l,N/r}, r € R, (1.1)



for N € R" and taking T> 0, we consider the following globally modified Navier-Stokes equations
coupled with the heat equations (GMNSEHE)

u — vAu+ Fy(Jullv)(u- V)u+ Vp = fin Q x (0,7),

divu=0 inQ x (0,7T),

T, — aAT + Fn(||(w, D)||[v)(w - V)T = gin Q x (0,T), (1.2)
u(x,0) = uo(x), T'(x,0)="To(x)in 2,

u=0, and T=T, on I'x(0,7),

where ||u|v and ||(u,T)||v are defined as in (1.6) and (1.7) below. As usual, u,T and p represent
respectively the fluid velocity, the temperature and the pressure. v is the constant viscosity of the
fluid, and « represent the thermal conductivity. f is the external force acting on the fluid while g
is the radiant heating. wug is the initial velocity and Ty is the initial heat.

The GMNSEHE (1.2) is inspired from the globally modified Navier-Stokes equations (GMNSE)
studied in [4]. As clearly demonstrated in [4], Fv(||u|v) prevents the rapid grow of velocity gra-
dient and helps to obtain uniqueness of weak solution in 3d, property which is lacking for Navier
Stokes in 3D. Hence Mathematically, the globally modified Navier Stokes has an advantage for
now over the Navier Stokes equations. In this work, we show that the factors Fn(||u||) and
Fn(]|(u, T)|lv) help us to control the values of ||ully and ||(w,T)|v and subsequently permit us
the establish uniqueness of weak solution of (1.2). As we are aware of, this remarkable property
is unreachable for (1.2) without the weighted terms (see [2, 22]). It is worth noting that many
challenges in the mathematical and numerical analysis of the full 3D Navier-Stokes equation are
still lacking at present. Since the uniqueness theorem for the global weak solutions (or the global
existence of strong solutions) of the initial-value problem of the 3D Navier-Stokes system is not
yet proved, the known theory of global attractors of infinite-dimensional dynamical systems is not
applicable to the 3D Navier-Stokes system. Thus, the use of “regularized approximation equa-
tions” to study the classical 3D Navier-Stokes systems has become an effective tool both from the
numerical and the theoretical point of views. just like it has been noted in [23], many works make
use of the LANS-a model to approximate many problems related to turbulence flows.

In [4], the authors proposed a three-dimensional system of a globally modified Navier-Stokes equa-
tions (GMNSE). They studied the existence and uniqueness of strong solutions and established the
existence of global V-attractors. Also, using a limiting argument they obtained the existence of
bounded entire weak solutions of the three dimensional Navier-Stokes equations (NSE) with time
independent forcing. As noted in [4], the GMNSE prevents large gradients dominating the dynamic
and leading to explosion. Several articles are devoted to the mathematical analysis of the modified
problems involving Navier-Stokes equations, see for instance [5, 6, 9, 11, 12, 15, 16, 17, 18, 19], as
well as the review paper [7] in which the authors present some recent developments on the GMNSE
The globally modified Navier-Stokes equations are useful in obtaining new results about the 3D
NSE. Indeed there were used in [12] to show that the attainability set of weak solutions of the
3D NSE is weakly compact and weakly connected. We refer the reader to [8, 18, 19] for other
modifications on the nonlinear terms in some mathematical models.

Motivated by the above works, we consider in the present article the globally modified of the
model (1.2). More precisely, we propose a time semi-discretization of the time-dependent globally
modified Navier-Stokes problem coupled with the heat equation (GMNSHE). The outline of the
paper is as follows:

e We recall in section 2 the variational formulation of the problem. We also present the
mathematical tools for its resolution.

e In section 3, we establish the existence of strong solutions of the GMNSHE in three-dimensions



and their continuous dependence on N and on the initial value in the space V. In addition,
we show that the weak solution of the GMNSHE is unique in the class of weak solutions. We
also investigate the relationship between the Galerkin approximations of the GMNSHE and
the NSHE for a fixed finite dimension.

e Section 4 is devoted to the time semi-discretization of GMNSHE. We present a numerical
scheme to approximate the unique solution obtained in section 3 and study its stability.

1.2 Mathematical setting

Let us now recall from [20] the functional spaces of the model (1.2) and its abstract formulation.
Unless otherwise specified, the domain of interest {2 is bounded connected, and have a boundary
0Q =T that is at least C*!, i.e Lipschitz-continuous. Let k = (ki, k2, k3) be a triplet of non-
negative integers and set |k| = ky + ko + k3, we define the partial derivative 9% of order |k| by

Ikl

8’“19:18’“2 $28k3$3 '

e =

The usual definitions of LP spaces and H™ spaces applies with the scalar product of L? being
denoted by (-,-). These definitions are extended directly to vector-valued functions, with the
notation

L*(Q) := (L*(Q))°, H™(Q) := (H™(Q))°, Hy'(Q) := (H5"(Q))°, L§(Q) = (L§())?

where L3(Q) = {q € L?(Q); / q(x)dx = 0} . It is noted that for a vector w we set
Q

lwllf ey = /Q ()| dz

where | - | denotes the Euclidean norm |w|? = w - w. We shall frequently use Sobolev imbedding:
for a real number p € R, 1 < p < 6, the space H!(Q) is imbedded into LP(£2). In particular, there
exists a constant ¢, (that depends only on p, Q and d = 3) such that

for all v € HY, [[vllLr() < ¢l Vo] - (1.3)

When p = 2, this is Poincare’s inequality and cs is Poincare’s constant. In the case of the maximum
norm, the following imbedding holds

for all 7 > d =3, WH(Q) C L>(Q)
in particular, for each r > d = 3, there exists ¢, such that
for all v € Hy(Q) NW"", |[[v|lL=) < Coorl|VO|lLrq) - (1.4)

Owing to Poincare’s inequality, the semi-norm |- | is a norm on H} (), equivalent to the full norm.
As it is directly related gradient operator, we take this semi-norm as norm on H} (), and we use
it to define the dual norm on its dual space H~!(£2):

_ (f,v)
for all f e H1(Q), Flla-1) = sup
R N




where (-) is the duality pairing between H~1(Q) and H(£2) . We also introduce the following spaces

V={ue(Cr()?: divu=0},

V = the closure of V in H}(Q),
H={uecl?M):divu=0andu=0o0nT},
H=H x L?(Q2),

V=VxHYQ),

H ={TelL?*Q): T=T,onTl},
Vi={TeH'(Q): T=T,onT} .

We have (see[20])
Ve H—V (1.5)

where the first injection is compact. We endow H with the inner product of L?(2) and the norm
of IL2(Q) denoted respectively by (-,-)g and | - |g.
We equip V thanks to Poincaré’s inequality with the following inner product

((u,v))v = (Vu, Vo).
and the norm
[ully, = (Vu, Vu)u . (1.6)
Hereafter, we set

(w, 1), (v,8))v = (Vu, Vo)u + (VT,VS) and [|(u, )5 = |[ull3, + 0] . (1.7)

where ||| denotes the norm in H'(f2) and (-,-) denotes the scalar product in L?(f2). The dual
spaces of V and H{"(Q) are denoted by V' and H~" (1) respectively and their norms by |-||,
and [|-||_,, respectively. We will also use the following operators A and A; defined from V to V'
and V; to VY respectively by

(Au,v) = (Vu,Vo)g for all u,v € V,
(AT, S) = (VT,VS) for all T,S € V.

From the regularity theory for the Stokes equation [20, 21], it is known that

D(A) =H*(Q)NV,
D(A) = H*(Q)n W,

and the following holds true

D(A)CVCH, 08
D(.A1)CV1 Cffl7 )
each injection being continuous and compact; hence
1 1
lulg < 7 |lu||y for allu € V, |T| < ot |T|| for all T € Hy(S2) (1.9)

where A, A! are respectively the first eigenvalues of the compact operators A~" from H into
itself and A, ! from H; into itself. || and ||.|| represent respectively the norm in L?(2) and H'(f).
In addition, the following Agmon type inequality holds (See [21], page 30):



1/2 1/2
e @) < C | Vulg” [Auly” - (1.10)
Also, of importance in this part are the bilinear forms B, By from V x V to V' defined by
(B(ui,uz), uz)y v = b(u1, uz, u3),
(Bn(u1,u2), u3)y v = b (w1, u2, uz),

for all u; € V(i = 1,2,3), where b(-,-,-) is a continuous trilinear form defined on H'() x
H(2) x HY(Q) by

3
b(u, v, w) = Z /Qui%wjdx7

i,j=1
by (u,v,w) = Fy(||lullv)b(uw, v, w).
Similarly, we also introduce the bilinear form By, By 1 from V x Vi to V{ defined by
(Bi(u,T1), Tz) = by (w, 11, T2),
(Bni(w,T1),T2) = by 1 (u, Ty, T2)
for all w € V, Ty, Ty € V4, where by 1 is a continuous operator defined on V x H'(Q) x H'(Q)

by
3 v
b (u,v,w) = / u;—wdz ,

bni(u,v,w) = Fy(||lullv)bi(u,v,w).
We will also use the bilinear forms ag(-,-) and a1 (+,-) given by:
ap(u,v) = (Vu,Vo)u, u,v € V,
a\(T,S) = (VT,VS), T,S € H'(),
az(u,q) = —(¢,divu) we H(Q), ¢ L*(Q).

From (1.10) and (1.9), we deduce most of the properties of the forms b(,-,-) and by (-, -, -), given in
the following lemmas where C} is a positive constant (depending on the domain) which can vary
from one line to another.

Lemma 1.1 [/, 1/]

1. b(u,v,w) = —b(u,w,v), andby(u,v,v) =0Vu,v € V,
1/4 3/4 1/4 3/4
2. |bx (w0, w)| < Cy luly* 3 Jol g ol wlly, w,0,w e V,
3. [bx(u,v,w)| < NGy [[ully |wlly, u,v,w e V,
4 [b(w, v, w)| < Cy |lull¥? |Au/? o]y |w| gy ,Yu € D(A), ve V, we H.

1/2 1/2
5. (v, w)| < G [ully [olly [l ] 2. Vu, v, we V.

Lemma 1.2 [/, 15] For all u,v € V with v # 0,

u—v
1. |Fn(JJully) — Fn (o]l )] < H HvuVHV'



u—-v
2. [Fn(lully) — Fx(olly)] < 520 my(lull ) Ex (o]l 4) -
Lemma 1.3 [/] For all M, N, p, r € RT,

M—N -
| |+Ip 7"I.

r T

[Fa(p) — Fin(r)] <
Remark 1.1 Similar properties are satisfied by by(-,-,) and by1(-,-,-) .
In the following, we shall use, if necessary, the notation ¢(t) for the function
x — ¢(x,t).

As usual for handling time dependent problems, it is convenient to consider functions defined on a
time interval (a,b) with values in a functional space, say Y (see [3]). More precisely, we let || - [y
be the norm on Y and for any number » with 1 < r < oo, we define

b
L™ (a,b;Y) = {w measurable in (a,b) ; / [w(®)[[y-dt < oo}

equipped with the norm

b
0l oy = | Ttolpae

with the usual modification if r = co. It is Banach space if Y is a Banach space, and when r = 2,
it is a_Hilbert space if Y is also a Hilbert space. Of particular interest here will be the space
L?(0,T;H), L?(0, T; H§(Q2)), etc...

The analysis of (1.2) will required the following

Lemma 1.4 Let T > 0 and let k be a non-negative function in L*(0, f) Let ¢ > 0 be a constant
and v € C%(0, f) a function that satisfies

forallt € [0,T] , 0<o(t) <c+ /t k(s)Y(s)ds ,
0

then v satisfies the bound

for allt € 0,T) , 1(t) < cexp (/Ot n(s)ds) .

We will require the following compactness in time result to pass to the limit [3, 13]

Theorem 1.1 Let E, F,G be three Banach spaces with continuous imbedding E C F C G, such
that the imbedding of E into F being compact. Then for any number q € [1,00], the space

{ve LI0,T;E), 8w e L*(0,T;G)}
is compactly imbedded into L9(0, T; F).

In the next paragraph, we propose a weak formulation of our problem.



1.3 Variational formulation

We propose here a weak formulation of Problem (1.2) given by the following definition.

Definition 1.1 Suppose that (uo,Ty) € H and f € L2(0,T;H-1(Q)),g € L2(0,T; H (). A
weak solution to (1.2) is any pair (u,T) € L?(0,T; V) x L*(0,T; Hy) such that

% +vAu + By(u,u) = f in D(0,T; V),

dT ~
— ToAT + Byi(u,T) = g in DO, T Vi), (1.11)

U(CC, 0) = U'O(m)a T(mv O) = TO(:B)~ in (2,
u=0 and T=T, on I x(0,T).
or equivalently for all (v,S) € H} () x HE (),
du(t)
dt
(TS ) +aaa(T(0,8) + b (W), T ) = (a(0).5) 112

dt
u(x,0) = uo(z), T(x,0)="TH(x) inQ,

,v> T vao(ult) v) + b (u(t), ult), v) = (F(1)., ).

wu=0, and T=T, on T x(0,T).

Remark 1.2 The previous definition provides also the variational formulation of problem (1.2)
which is, due to the density of D(Q) in L?(Q) and HE () equivalent to it.

Remark 1.3 If the couple (w,T) belong to L2(0,T; V) x L2(0,T; V1) and satisfies (1.11); —(1.11)s,
then (i;:,i;) € L20,T;V'), and we deduce from [20] that (w,T) € C([0,T;H). In fact,
By(u,u) € L*(0,T; V'), vAu € L*(0,T; H) C L*(0,T; V'), f € L*(0,T;H™') € L*(0,T; V')
and By1(w,T) € L*(0,T;V{), oAT € L?(0,T;H,) C L*(0,T;V{), g € L*>(0,T;H;') C
L2(0,T; V).

Before stating the existence result, it is clear that we need to take care of the boundary condition
involving the temperature. For that purpose, invoking to the trace’s result, we let R be a continuous
operator from H'/2(Q2) in to H(Q). Since Ty, € L2(0,T; HY/2(T')) we denote by T} the function
defined for a.e. 0 <t < T by

Ty(t) = RTp(t).

This function belongs to L2(0,T; H'(Q)) and satisfies
175
T

HL?(O,T;HI(Q» < eallToll 20,7120y - (1.13)

20,7000y < €MDl 20 Fprra ey -

where € > 0 is any reel number and c, is a positive constant depending only on (2 and R. When
setting T* = T — Ty, the new variational formulation of problem (1.2) is as follows:
we seek for (u,T*) € L?(0,T; V) x L?(0,T; H}(2)) such that



du +vAu+ By (u,u) = f, in D(0,T; V'),

dt
dT* . dT,
T+ F T+ 1T, T%)=9—-—+
pn + oy T" + Fy(||(w, T + T)[[v) Bi (u, T") = g dt (1.14)

—a ATy, — Fy(||(w, T* + Ty)||v) By (u, Ty) in D(0,T; V),
u(z,0) = ug(x), T*(x,0) = To(x) — Ty(x,0) in Q,
w=0, and T*=0 on I x (0,7).

or equivalently for all (v,S) € V x H}(Q),

dzit)7v> + vao(u(t),v) + by (u(t), u(t),v) = (f(t),v),

dT* ()

, s> +aay (T*(t), S) + Fx(||(w, T* + Tp)[lv)b1 (w(t), T*(t), S)

dt
7 - B B (1.15)
—(9(0,5) = (1.5 — (i) - Fwl(w. T + T)l)ba(wlt). T(0). ),

u(z,0) = uo(x), T*(x,0) = Ty(x) — Ty(x,0) in O,
w=0, and T*=0 on I x (0,T).

2 Existence theory and qualitative properties of the solu-
tion

2.1 Existence and uniqueness

Here, we prove that problem (1.12) has a unique weak solution which is, under some conditions
a strong one. In this section, we construct solutions by combining; Galerkin’s scheme, a priori
estimates and compactness results. The method of proof is classical (see [13]), but it is worth
mentioning that the nonlinearity involved here are particular. We give details proofs so as to
render our work self contained. As mentioned earlier, we would like to see how the added terms
can control de velocity gradient and help us to obtain uniqueness in 3d. We begin this journey
by showing that the weak solutions are properly defined (see theorem 2.1), next we show that the
solution is uniquely defined (see theorem 2.2).

Theorem 2.1 Suppose that f € L*(0,T; H-*(Q)), g € L2(0,T; H~1(Q)), Ty € H*(0,T; H/*(T')),
the initial temperature on the boundary TY belongs to HY/*(T') and (uo, Tp,) € H be given.

There exists a weak solution y = (u,T) of (1.12), which is in fact a strong solution if (ug,Tp) € V,
in the sense that

y € C(0,T;V)N L0, T; D(A) x D(A)). (2.1)
proof. It is done on several steps:

Stepl: Faedo Galerkin Approximation.
Let {(¢i,%:),i =1,2,...} CV be an orthonormal basis of H, where {¢;,i = 1,2,....}, {¢;,i = 1,2,....}
are eigenvectors of A and A; respectively. We set V,, x W,, = span {(¢1, 1), ..., (¢n,¥n)} and de-
note by P, = (P!, P?), the orthogonal projector from H onto V;, x W, for the scalar product (-, -)u
defined before. Note that P, is also the orthogonal projector from D(A x A;),V, V' onto V,, x W,,.

In V,, x W,,, a smooth Galerkin’s approximation of problem (1.14) is as follows:



we look for (u,,T) = (Z UpiDs, Z mel> = LQ(O,T; Vi) % LQ(O,T; W) such that

d -
Ut vAu, + By (t,,u,) = P f in D(0,T;V)),

d _
%T;f + i T 4 Fx(||(wn, T+ Tp) ||v)Br(w,, T) = P2g—

d - - - . ~

%Tb —aA Ty, — FN(H(’U,n,Tn + Tb)Hv)Bl(’un, Tb) n D(O,T; WY/L) s
w,(z,0) = Plug(z), Ti(z,0) = P2Ty(x) — P?Ty(x,0) in Q,

u, =0, and T =0 on I x (0,7).

(2.2)

or equivalently for all (v,S) € V,, x W,,,

%un(t),v = (PLE(1),0) — v(Aun(t), ) — by (tn (1), wn(t), )
%Ti(t% S)=(P2gt),S) — a(AT;(t),S) = Fn(|(wn, Ty + Tp)||v)b1 (un(t), Tj (), S)—
%Tb, 5) — (A1 Ty(t),8) = Fn(|[(wn, Ty; + Tp) |v)b1 (wn(t), Ty(t), S)

w,(2,0) = Plug(x), T (z,0) = P2Ty(x) — P?Ty(x,0) inQ,
u, =0, and T* =0 on I x (0,7),

(2.3)
where w,;(t), T,i(t) are C' functions, (Pl f(t),u) = (f(t),u,) and (P2g(t),T) = (g(t),T,) for
(u,T) € V. (2.3) is a Cauchy problem and the mapping

P'f +vAv — By(v,v)
(’U,S)—> Pr%g_difb_aAlfb_FN H’US—FTb
FN(H(v,erTb VBi(v,s) — aAss

HV )Bi (v, Ts)—

()

is locally Lipschitz-continuous on H!(Q2) x H(€2) (see Appendix).
It follows from the Cauchy—Llpschltz theorem that problem (2.2) has a unique solution (upn,T) €
C(0,Tp; Vi) x C(0, Tyy; Wy,) for some T, < T and the problem is to show that T}, is in fact indepen-
dent of time. The following a priori estimates (see lemma 2.1 and lemma 2.2) on u,, and 7,7, will
be enough to conclude that fn =T.

We next want to construct the limit of (u,,, T*) given via the equations (2.3), and we hope that
the limit will solve (1.15). For that purpose, we next derive some a priori estimates and next we
use compactness results to pass to the limit in (2.3).

Step2: A priori estimates and passage to the limit

Lemma 2.1 The functions u, and T are uniformly bounded on L2(0,T; V) N L>=(0,T; H) and
L2(0,T; HY(Q)) N Le°(0,T; L?(2)) respectively.



proof Taking v = u,(t) in (2.3); and S = T, (t) in (2.3)2 and using Lemma 1.1, we obtain

1d
5 g [t Dl + 7 [V Ol < e | FDllv [un(®)lly
1d * * * *
531 T OF + eIV TS0 < bl 170+ oo | 70| I3+ 2
* N T *
ocs [VT(0)| VT3 (0)] + e )y [T 1730
[Cun(®). T ()],
Which leads to

1d 2

3 )+ fun Ol < 1A + 2 (ol

1d 3

wwﬁ+ammmﬁs%mwmﬂ+§wwm+ﬂ %wmmf (25)

ST
2dt H bt

2N2 2
[T + 5 101 -

26 | To(0)[|* + 5 17201 +

Hence

T
WAME+VAIWAMWﬁ< t/HﬂH@JVHm%,

2

d i+ (26)

afb(t)

T T T
|nuW+a/|w<ﬂwﬁ< 25 [ o s 23
0 0 0
4N2 2 B
<4c§+ ac5>/ T (t)]||” dt + 75|
0

O

From (2.6), we infer that [[tin | poe o Fia)  [tnll 20 Fvyr 1Tnll oo 0,520y + 1Tl 2 0, Fs1r )
are uniformly bounded independently of n. Then, considering also (1.5), we use Theorem 1.1 to
extract a subsequence of (u,, 7)) denoted again by (w,, ;) satisfying

weak-star in L>°(0,T;H),
weakly in L?(0,T;V x H}(Q)),
strongly in L?(0,7T;H),

a.e., in (0,7) x £,

with (u, T*) € L=(0,T;H) N L2(0, T; V x H} ().

(wn, T3) = (u, T7) (2.7)

With the weak convergence (2.7), we can pass to the limit in the linear terms in (2.3), meaning

that as n — oo,
d d
<dtun(t)7v> — <dtu(t)vv> )

(Au,(t),v) = (Au(t),v),

(GTe.s) = (4T0.5).

(AT (2),S) = (AT (1), S) .

10



Now, it remains to deal with terms involving nonlinearities and projections in (2.3). Starting with
nonlinear terms, it is worth noticing that the weak convergence in L2?(0,T;V x H}(Q)) is not
enough to ensure that

Ex([[unllv) = Fn([lullv) as n — oo,

En([[(wn, T)llv) = Fn([l(w, T*)|lv) as n — oo.

Hence we need to derive stronger a priori estimates and this is the goal of our next result.

Lemma 2.2 The functions w, and T* are uniformly bounded on L>(0,T; V) N L2(0,T; D(A))
and L>=(0,T; HE(2)) N L%(0,T; D(A;)) respectively .

proof. Taking the inner product of (2.2); by Au,(t) and the inner product of (2.2)s by
AT} (t), we obtain

; jt IO +a AT < (9, AT; (D) ~ CETi(e), AT (1)~ (2.9)

a(VTy(), ATy () — Fn (|| (un (), Ty(8) + T2 ()| b1 (un (t), To(t), AL T (E))
= Env([|Catn (8) To ) + T () |4) b1 (wn (8), T (1), AT (1))

Using Lemma 1.1 and Young’s inequality, we have the following estimates:

4 14
Py b, )] < 2O 24 Y 1) (2.10)
2 14
(PO, Aun () ol < = FOIF + § Mua )y (2.11)
2
(0), AT O)al < " lg)IE , + o AT () (212)
A gw.amien| < 22 amo) + & TP (213)
—a(VE(0), AT (1) < % VL@ S AT (214)
- - N)*
| = Fn (|| (wn (8), To () + T () ||, b1 (wn (£), To (8), AL T (8)) | < @ lun (B3 + % AT ()]
(2.15)
4
|=Fn (|| (wn (), Ty (t) + T () || )1 (wn (£), Tri (), Ay T35 ()| < 3(041’5) un ()13 + % AT (8)
(2.16)
Then using (2.10)- (2.16) in (2.9), we have
d 2 N)?
D (I, + v Lonn (0 < 25 1701 + 2O
and
2 2 ~ (2.17)
NI + ol AT OF < S0 o), + 52 T +
2 N 4
% ol + 25 ol
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Hence

T 2c 3(cpN)* T
fun®l +v [ A O <2 [0 N ar s O e+l
and
T T T 2
* * 8C 80 d —
||Tn(t)||2+a/ AT (1) de < —L || O]/ b+ —= o L) di+
8c2 5(Ncp)? f 2 2
[ ol 22 [ o e+
(2.18)
and the lemma is proved. O
From (2.2), we have
d 1
%un(t) = —vAu,(t) — By (un(t), un(t)) + P, f(1),
d _
T () = —a AT () = Fx([[(wn, Ty + 1) [v)Ba (wa (1), T () + Prg(t)— (2.19)
d _ _ _
= 1o = aAiTo(t) = Fw([|(wn, T + T) ) B (i (1), To(8))

d d ~
It follows from (2.19) and Lemma 1.1 that (dtum dtT:) is also bounded in L?(0, 7, H).

Using Lemma 2.2, (1.8), and the compactness result (Theorem 1.1), there exists an element
(u,T*) € L*(0,T;V x H}(Q)) N L*(0,T;D(A) x D(A;)) and a subsequence of (u,, 7)) denoted
again by (u,,T;) satisfying
weak-star in L>°(0,T;V x H(Q)),
kly in L2(0,T; D D
(1 T3) = 77y § VO I L0 T DA 2 DA 220
strongly in L?(0,T;V x H}(Q)),

a.e., in (0,7) x €,

and
d d, .. d d T . ~
(dtun’dTn) — (d u, % ) weakly in L?(0,T; H x H3(Q)). (2.21)
From (2.20), we infer that
Fn(||lun — Fn(||w as n — 0o,
Wl lv) = Fx(uly) o

Fy([(wn, Ty + Tp)[lv) = Fn(ll(w, T* + Tp)|lv) as n — oo.

12



Our next task is to compute the limit when n goes to infinity of Fy (|| (wn, Ty +Ts)[v)b1 (wn, Ty, S)
and Fy (|[(wn, T + Tp)||v)b1 (wn, Ty, S) for (v,S) € V,, x W,,. Firstly,

Fn ([t T+ T) )b (i T ) = Fne ([ (s T + o)) /Q (wn(t) - V)T (1) Sdx
3
= Pyl T3+ T)0) Y / w (1)OT (1) da

ij=1

3
= 3 [ Elln T+ T 00T ()5
Q

ij=1

3
== 3 [ Bl T+ Tl (0T (00,5 ds.

ij=1

But

. 2/3
ot (VT (1) | 2 ) = < /Q (20" dx)

(/Q!%(t)!?’m“/j’dx>2/3xg/4 (/Q|T;j(t)!3/2“dx)
:(/Qyu;@)fdx) " (A\T;j(t>|6dx)l/6

= [ O [T Ol oo
<C'lun ()l | T (0] -

2/3x1/4

N

Hence, u!, T/ is bounded in L?(0,T;1L3/2()). Next, we note that
0 < En([(wn, Tt + Tp)|lv) <1,and
Fn (| (e, TF + Ty)||v)wl, T is still bounded in L2(0, T;L3/2()) ¢ L¥2(0, T;L3/2(Q)) .
Thus there exists x;; € L2(0,T;1L3/2(Q)) such that
Frn (| (wn, T + Ty)l[v)ub T3 — xij in L¥2(0, T;L3/%(Q)) — weak . (2.23)
In addition, relation (2.22) implies
En(||(wn, Ty + Tp) [W)ub, T — Fn ([ (w, T* + Tp) |v)w'T* a.e.in (0,T) x Q. (2.24)
Then we apply Lemma 1.3 in [13] to conclude from (2.23) and (2.24) that
Ex ([, Ty + To) )y, T/ — F([[ (e, T* + Ty) |v)u T in LP/2(0, T5 L¥/?(92)) wealk,
which implies the following convergence result
3 3
=32l T T O 0S5t = = 5 [ Pl T Tl 07 00385
= ij=
Hence,

Fn([(wn, T+ Tp)||v)b1 (wn, T, S) — En(||(wn, T + Tp) ||v)bi (uw, T*,8), S e€W,. (2.25)

13



Secondly,

Ex ([, Ty + Tp) [v)b1 (wn, T, §) =Fn (| (un, T +Tb)llw)/Q(un(t)V)Tb(t)de

=P ([ (. T3 + To)][) 2/ 00,3 (1) de

1,j=1

= Z/FN | (n, T+ Ti) [v)ul (1) 0T (1) S7 dac

7,7=1
__ Z / Frv ([ (s T+ T ) )t (8) T (1) 5 S
1,7=1

Using (2.7) and (2.22) one obtains the following

/Q ([, T + T )l (T3 (90,5 dar — / vl T* + T) [ ) (4)T (4)0, 7 dr

thus
Fy(|(wn, Ty + Tb)||V)b1(un,Tb,S) = Fn(|[(wn, Ty + Tb)HV)bl(u,Tb,S’), SeWw,. (2.26)

For the initial data, we have
P, (uo, T§) — (uo,Ty) in H. (2.27)
Indeed, P, (uo, T5) = (u,(0),T5(0)). Since (u,, T¥) € C([0, T); H) and (w,, T) — (u, T*) strongly
in H; then (2.27) follows.
In addition, since (P} f(t),u) = (f(t), u,) and w, — w strongly in H, then
(Prf(t),u) — (f(t),u).

Similarly, we prove that

(PRg(t),T) — (g(t),T).

Step 3: recovering the pressure

The method is standard and proceed as follows. First, we integrate the first equation of (1.15)
respecting to ¢, we define the functional for all L by: for all v € H!(),
t

L(v) = /0 ((£(5),v) = vao(u(s),v) — b (u(s), u(s),v)) ds — (u(s),v) + (up, v)

which is a continuous linear functional on H!(2) and vanish on V. Hence from [10], there exists a
unique function P(t) € L3(Q) such that for all v € H}(Q), for all t € (0,T)

L(v) = —(divw, P(t))m

)
L .
P < sup (v) (2.28)
VEHL () [v]lv

d _
— P(t), we conclude that (u,p, T = T* 4+ T}) is the weak solution of problem

By defining p(t) = o

(1.2).
Hence we have constructed the weak solutions of problem (1.2). ]

We now show that problem (1.2) has a unique solution.
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Theorem 2.2 Suppose that f € L*(0,T; H-*(Q)), g € L2(0,T; H~1(Q)), Ty € H*(0,T; H/*(T')),
the initial temperature on the boundary TY belongs to HY*(T') and (uo, Tp,) € H be given.
The weak solution of problem (1.2) given by theorem 2.1 is unique.

proof Let (uy,T1) and (ug,T2) two weak solutions of (1.11), then we have when setting
u=u; —uz and T =T; —Ts,

d

%u(t) + vAu(t) < —Bn(ui(t),ur () + By (ua(t), usa(t))
%T(t) + a1 T(t) < =By (ui(t), T1(t)) + By (ua(t), Ta(t)) (2.29)

(u(0),7(0)) = (0,0).
or for all (v,S) € H{(Q) x H} (),

v> +u(A ) < —bn(ur(t), wi(t), v) + by (ua(t), us(t), v)
> +a(AT ) < —bna(wi(t), Ti(t), S) + b (ua(t), To(t), S) (2.30)
7(0)) =

Taking v = u(t) in (2.30); and S = T'(¢) in (2.30)2, we have

2 dt % Jut 1+ v u®ly, < —bx(ua(t), u(t), w(t)) + by (ua(t), ua(t), u(t))

Ol
3 ITOF + @ T < ~b (a1 (6 Ty(0), T(0) + b, (wa(), To(0), T(1) (2:31)
(ul0). 7(0)) = (0,0).

Now, we estimate each term of the right hand side of (2.30). First,

— b (ua (2), ua (1), u(t)) + b (ua(t), ua(t), u(t))
= —Fn([lur(®)llv)b(u(t), i (t), w(t)) = (Fn([ui(®)llv) = Fn([[uz(®)lly)) bluz (), i (t), u(t)) -

But using standard inequalities
|=Fn ([lus (8)[v)b(u(t), ui (1), u(t))| < ¢ o ( o lu@®lly e (®)lly @)l @)V
= Noy [lu(OIR/* ()l (2:32)

v 2 3(Nep)t
< 2y + 25 o)

and

= (En([lus(®)lly) = Fn([lua(B)]ly)) 0

(u2(t), u1(t), u(t))
< ua(t) — ul(t)llv Ib(wa(t), wi(t), u(t
)

D1 Ex (o (8) ) B (ot )
< P () P o)) LY oo 0) g s )y a2 /> 2:39)

3/2 1/2
— Ny |u(®) |3/ [u(t)y

v 2 3(Nep)?
< o)+ 2B

N
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Similarly

—bn1 (’LL1 (t), T (t), T(t)) + le(u2(t), Tg(t)7 T(t))
= —Fn([[(w1 (), Ty () [ly)br (u(t), Ty (2), T(t))
— (Fn ([ (ua (£), Ty () ly) — Fv ([ (wa(t), T2 ()

Again, with usual inequalities one has

= En ([ (£), Ta (@) [ly)br (u(t), Ta(8), T(2))]

M) b1 (ua(t), To (1), T'(2)) -

al ()l (T (OI1T ()2 [T ()2
(0. T @)y
iy 1o (2.34)
< Ney [u(®)lly [TO] |70
< ol + 2 i+ Ll e,
and
= (e ([l (8, Ta () ) — Fov ([ (a2 (8), Ta(£))lly)) b (o (8), T2 (8), T(0))|
M) TN 1, g 1), 7, (01, 700 Eie s (). T )l E o 0). To (1))
< 1 (01, T 0) ) P a8 T 0)) ) W LM o sy )72
7@
=Ny ||(u(t), T(t)[7/* |T(1)] >
< o). 701G + 28O o
=S el + S I + 3“1;”) ()
(2.35)
Using (2.32) - (2.35) in (2.29), we obtain
D+ v < 25
IO +a TN < o fu@)} + (222 + ) 7)) (2.36)
(u(0), T(0)) = (0,0).
Dropping momentarily the term v ||u(t)||%, in (2.36); and using lemma 1.4, we have
(O < [u(0)F ™
consequently, u;(t) = ua(t) since u(0) = 0.
Using this in (2.36)2 and Lemma 1.4 again, we have
o < o) )
hence, T (t) = Ta(t) since T(0) = 0 and the theorem is proved. O
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2.2 Continuous dependence on initial values and the parameter N

The goal of the paragraph is to show that the solution (u(t),T(t),p(t)) of (1.2) depends continu-
ously on the parameter N as well as on the initial value (ug, Tp). This result was already obtained
when the temperature is zero in [4]. The non trivial task here is to re-adapt their proof by taking
into account the coupling between the velocity and temperature. More precisely, we prove the
following result

Theorem 2.3 Let f € L2(0,T;1L2(Q)), g € L2(0,T; L%(Q)), N; > 0, (ugi,To;) € V, i = 1;2 be
given. Assume y = (u;, T;) be the solutions of (1.2) corresponding to the parameter N; and the
initial values yo; = (woi, Toi), ¢ = 1;2. Then

(wr, Th) = (u2, o) in C(0,T;V) ND(0,T;D(A) x D(A1))

when N1 — No and (uwoz, To1) = (woz2, To2). More precisely, the following estimates hold true.

1205 2 T 2 2
; N1 — No (|Auz(s)| 7 + A1 T2(s)] )ds p x
0

((t), T(t))]5 < {n(u(ow(o»ll@ +

4 T
exp (6(12 z”) Ttou /O |Au2(t)|§,dt> . (2.37)

T
a3/ (\.AU(t)ﬁv_I-i- |«41T(t)|2 dt <
0

and

2 T
{n(u(m, T+t 1N = Nl? [ (sl + |A1T2<s>|2>ds} x

14 (Wf+a4 /T |Au2(t)|§,dt> X exp lG(NCb)4f+a4 /T |Au2(t)2HdtH (2.38)
0 Qs 0

as

as, ayq will be defined later.

proof Setting u = u; — us and T =T} — Ty, we have for almost every ¢ € (0, T)

%U(t) +vAu(t) < =By, (ui(t), u1(t)) + B, (ua(t), ua(t))
(2.39)

—T(t) +aAiT(t) < —Bn,1(ui(t),T1(t)) + By, (uz(t), T2(t)) -

Taking the inner product of (2.39); with Awu(t) and of (2.39); with A;T(¢), we have

Ldt
2dt
1d
2dt

lu)y + v [Aw(b)f < —b, (wr (t), ua(t), Au(t)) + b, (ua(t), ua(t), Au(t))

1T + | AT < —bny 1 (wr(t), To(t), AT () + by, 1 (wa(t), Ta(t), AAT(t)) .
(2.40)
We now need to treat the right hand side of (2.40). First from the linearity one has

=bn, (w1 (t), ui(t), Au(t)) + by, (Uz(t) uz(t), Au(t))
= —Fn, (lur(®)[ly)o(u(t), ui(t), Au(t)) — Fn, (|lua(t )||v)b( 2(t), u(t), Au(t)) (2.41)
— (Fn, (lur (Dly) = Fn, ([[uz(®)lly) buz(t), wi (1), Au(t)) .
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The right hand side of (2.41) is treated using standard inequalities as follows;

= Fra (Jan (8)]| )b (a(t), wa (8), Au()] < e pdityre TV () [Aw ()

Ny [t >||”2 [ Au(t) (2.42)
£ Au(t)lgr + 2520 flub)]ly,

= (P, (lua () lv) = Fa, (s (9)][y)) blua(t), i (1), Au(t))|

N = Nol Ol (01 u
(ul(t)|v ||u1(t)||v) b [ A (8) g |ua (6) [y [Aw(t) |

2 v
<y (N0 = Naf + [u(®)lv)* e | Auz(t) g + 5 [Au(®) iy

IN I IA

(2.43)

s% (|N1 ~ No* + ||u<t>||2v) o | Aus ()3 + g [ Au(t)g |
and
= F, (Juz () [ )b(uz (t), w(t), Au(®)| < [b(ua(t), u(t), Au(t))|
< e [Aua (1) gy [u(0) |y [ Au(®)| g (2.44)
< ¥ Au(t)|f + 2 [ Aus ()| [u@®)]3 -

Secondly, exploiting the same linearity one has

= by 1 (wa (8), 1 (1), T'(2)) + b, 1 (u () 2(1), A T(1))
= = Fny ([ (8), Ty (0)) )01 (e (), To(8), AT (8) = Fv, (1| (a2 (2), T2 (8)) |01 (w2 (1), T (1), AL T(1))

= (Fny ([[(ua (8), Ty () llv) — Fv, ([ (w2t ) Tz(t))llv))bl(W( ), Ta(t), AL T(t)) . 0.15)
2.45
Again, we treat the right hand side of (2.45) using standard inequalities as follows;

Ny
|=Fny ([[(ua (8), Ta (8)[|5) b1 (u(t), T1(t), AT (1)) Scbll(m(t),ﬂ(t))\lv

=Nicy |lu(t)|y)? AT ()P
3<N1Cb)4

lu@®IN? T @) AT @)

<S IO + =52 [u@) -
(2.46)
~ En GO - Frlfo) T a0 AT
o IOl
S<||< BTy * T BT, ) MOl T OIATO (2.47)
<Z(n, N2|+||y<>||v> G w0l + 5 AT
<2 (1N = Wof? + (O3 & Jus () + S AT
and
= Exy (o (1), Ty asa (1), T0), AT(0)] < b (1), T(0), AT (1))
=y | Aus (1) g |7(0)]| | AT 1) .15)

« 2 C% 2 2
<7 MTOF + = Muz (@) [T -
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Using (2.42) - (2.48) in (2.40), we obtain

d

2 2 Nicy)* | 6cf 2 2
2 Y + v Auffy < (M0 4 08 Laua(t) ) lut) 5, +

2
2% Ny — Nof* | Aua(t) 3

J L (2.49)
ST +al TP < {20l 28 us(6) | @)y +
N = Nof? [ Aus ()5 + 25 LAus (0] [T

Adding these two inequalities, we obtain

d 12¢?

i 1) T + a3 Auliy + AT + =25 [Ny~ Nof? (JAuat)ffy + AT

6(Ncp)?
< (ML o sl ) w7 (2.50)

. 14c; | 10c;
where ag = min (11, ) ;a4 = Tib ==

Dropping momentarily the term o (| Au(t)[3; + A1 T(t)]?) in (2.50) and using Lemma 1.4, we have

2 o 12¢7 2 T 2 2
[(u(®), Ty < {'(u(o)vT(O))HV + 731’ [Ny — Ns /O (| Auz(s)lgg + [A1T2(s)| )dé’} X
exp <6(Ncb)4f+a4 /T |Aus(t)% dt) . (2.51)
Qa3 0

Using (2.51) in (2.50), we get

T
as / ([Au() + AT dt <
0

2 T
{|<u<0>7T<o>>3V N = N [ (Ao + |A1T2(8)|2)d8} x

1y (Wﬂ o [ 1w dt) x exp [Wﬂ o [ 1wy dtH (252)
0 « 0

a3 3

the proof of Theorem (2.3) follows. O

2.3 Comparison of Galerkin solutions of the GMNSHE and NSHE

We first note that NSHE stands for Navier-Stokes equation coupled with the heat equation. In
this paragraph, we prove that the Galerkin’s approximations of the GMNSHE (2.54) below are
the same as the Galerkin’s approximations for the NSHE (associated with the same initial value

(19, Tp) over the time interval [0,77]) for some value of N. The following inequalities (see [4]) will

also be used:

AT < ATl, [Tl < (AL)Y2( Tl (2.53)
)\1|Un|%-1 < ||unH%/7 )‘%|T7L|2 < ||Tn||27
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where \; and )\} are the corresponding eigenvalues of the operators A and A;. our next result
establishes a link between GMNSHE and NSHE. We claim that

Theorem 2.4 We assume that f € L>=(0,T;1L2(R)), g € L>(0,T;L3(Q)) for all T > 0, and
we consider the Galerkin’s approzimations of the GMNSHE and NSHE of fived dimension n for
the same initial value (uwg,Tp) over the time interval [0,T]. Then there exists a subsequence
(ugle),Tr(LN"))j of the sequence (u®,TN)n which converges uniformly in C(0,T;R3) x C(0,T;R3)

to a function (uS®,T°) in C(0,T;R3) x C(0,T;R?) which is the corresponding solution of the

n n
n-dimensional Galerkin’s approximations for the NSHE if N satisfies

1/2
N 2 max { )Y (M 2 (s + & ) |

where K4 and K5 are defined below.

Proof. Weset |f|g. = [Nl oo 0, 71.2(52)) and 9] = |91 o (0,712 () - The Galerkin’s approx-
imations of the GMNSHE with the parameter N are given by

%ugy(t) + vAul (1) + By (ul) (), ul (1)) = £(1),

STV () + a A TN (1) + Fa () T3 + To) o) By () (1), T3 (1)) = g(t)—

ar " (2.54)
- Tb = aAiTi(t) - Fn([[(uy, TeN + Ty)|[v)Ba (uy (1), To(t)),
u(z,0) = uo(x), T*(x,0) = To(z) — Ty(x,0).
We deduce from (2.5) and (2.53) that
d 2 R
d 2 1 N 2 26% 2 403 d - 2 2.55
— | Tt A TN ()7 < 22 gt =3\ =Tyt (2.55)
LI oF + Xt TN 0 < 221002 + 25| Srin)| +
2 _
(16f + 22 fu O]5,) T 0]
Hence, the energy inequalities of the ODE (2.54) read
N2 < 2 ci 2
|un (t)|H >~ |u0‘H + A2 ‘f'Hoo’
TN < ITHR 4 285 g2 4 43 T dT 2d
TN ()] < T3] i lolse + 3% | | g Te®)| dt+ (2.56)
4, cd (. 2
(4@% + #/@)/ | To(t)||” dt .
0
where K4 = |uo|iI + % |f|iIoo In addition, from (2.54), (2.55) and (1.1), we have
d
dtum‘ < v | Au |y, + | Bl w) g + | flee
H
< vAu) | + | B(ul, ul) |y + 1F s (2.57)
< vl sz + e ! |37 AwY 57 4 | Flpao
<vAKY? 4 N Ko+ [ Flir
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On the other hand, also from (2.54), (2.55) and (1.1),

d
7T*N
G|

+« ‘Alfb(ﬁ”

’I’L ’ n

_ d
<al AT )] + Fa (@, T2 + Tl |Bu(ud (), T3 ()| + ’dth

+ En ([ (w3 + To)|lv) |Bi(wy (6), T ()| + |9(2)

<a AT O]+ B O TN 0)] + | GT0] + 0 AT + |5 0.50)] +1a(0)

d -
<a AT 0]+l g |2 + |

+a | A Ty(t)] + e [Aw) |4 | To]| + 19()| o

<a, | TN ()] + cpdn [ul [ AV TN |+ ‘jth + a AT ()] + cudn |w) | | To | + 9(8)|o

SOU\%LIC5 + CbAn(A}l)l/QIC4/C5 + ‘;ﬁTb + « ’AlTb(t)} + ep A Ky HTbH + |g(t) oo

(2.58)
d. |° ANnc2
S]] dt+ <4c3+ " 5IC4>/ I T(8)|)” dt.

Using these estimates (providing the uniformly boundaries in both N and n of (ul, 7))y and

T
where K5 = | T3 |* + 2c2T g%, 463

d d N
<dt ul, J tT: M), it follows from the Ascoli theorem that there exists a subsequence (unN] , TnN’) j
of (ul, TxN)n which converges uniformly to a function (uS®, T:°) in

C(O,T,R?’) X C(QT; R3). Setting T° = T¥>® + Ty, (u,T°°) is the corresponding solution of

the n—dimensional Galerkin ODE for NSHE. This follows from the uniqueness of solutions of the
Galerkin ODE for a given initial value and the fact that

N N
1> Fy (Ju lv) = min (1, ) > min {1, — ), (2.50)
( )= lul v () 1/2KCL2
1> Fy (| (6, T;N + T}) lv) = min | 1, N
| (ul, TiN +Ty) v
(2.60)
. N
> min | 1, 77 |
(A +2 (s + & IT3 0 ey ) )
S0, )
Fn(lul|lv) = 1 and Fy(||(u, TN +Tp)|lv) = 1 for
1/2
N > max {(/\n)l/QKi/Q; ()\n’Cz.L + 2 ()\:LICE, + C?\ HTbHirl/?(F))) } .
O

3 Time discretization of problem (1.2)

In this section our goals are as follows; formulate the time discrete scheme and analyse it. By
analysing, we mean: existence, uniqueness and stability.
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3.1 Numerical scheme

We propose in this paragraph the time semi-discretization of problem (1.2) based on a backward

2=

Euler’s scheme. As in [9], we divide the interval [0, 7] in to M intervals of equal length. Let k =
the time step. We associate with k& and the functions f, g and T} the elements

1 mk 1 mk 1 mk
= %/ F(t)dt, g" = %/ g(t)dt, T," = E/ Ty(t)dt,
(m—1)k (m—-1)k (m—1)k
with m = 1,2, ...M. Most of time, we will use (u,T) instead of (u(t),T(t)).
For any data (f,g,Ty) € C(0,T;H(Q)) x C(0,T; H-*(Q)) x C(0,T; HY/2(T")), (uo,Tp) € V x
H'(Q). We consider the following scheme: for all m = 1,2,..., M, a.e. t € (O,T) find (u™,T™) €
V x H(Q) such that

u® =ugy, T° =Ty on Q,

T =T on I,
m _ ,,m—1
%—i—uAum—i—BN(um,um) =fm, (3.1)
Tm _Tm—l " m " m
AT+ By (w T = g

Following the analysis in the continuous case, it is suitable to lift the boundary data T;™. For this
purpose, according to the analysis done before, we set T} = RT;" where

17 HL2(0TH1 @) = AT 72y and HTgnHLz(O,T;L‘l(Q)) < el 2o 75mr 2y - (3:2)
We set T*™ = T™ — T;", we seek for (u™,T*™) € V x H(Q2) such that

u =ug, T =Ty — T on 2,
™ =1T", u™ =0,T""=0 onl
u™ + kv Au™ + kBy(u™, u™) = um "+ kf" (3.3)
T*m + k:aAlT*m + k‘FN(H(um,T*m + Tgn)HV)BI(um7T*7n) — Tm—l
+T T 4 kg™ = ka AV — REN([|(w™, T*™ + T |[9) B (u™, T3 -
or equivalently for all (v, S) € V x H}(Q),

u® = wuy, T”‘0 :Toffl?onfl,

™ =Ty, —07 " =0 onT

(u™,v) + kao( v) + kby (u™, u™,v) = (W) + E(f",v)q . (3.4)

(T*m, S) + kaay (T, S) + kEy (|| (w™, T*™ +T7")\|V)b1(u M 5) = (T, 5)
+(T," 1 8) + kg™, S) — kaar (T, S) — kFn(||(u™ T*m+Tb Mv)or (uw™, T, S) .

3.2 Existence of solutions

Our goal in this paragraph is to construct the weak solutions to (3.4) by using; Galerkin’s scheme,
Brouwer’s fixe point, a priori estimates and compactness results.

Theorem 3.1 Assume that the data (f, g, Ty) belongs to C(0, T; H~(Q)xC(0,T; H~(Q)xC(0,T; H/2(T)),

that the initial temperature on the boundary Ty belongs to H'/?(T) and (ug,Ty) € V x H(Q),
then problem (3.3) has at least one solution (u™,T*™) € D(A) x D(Ay).
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proof Following [9], the existence of a solution y,, = (u™,T*™) of problem (3.3) is proved by
the Galerkin’s method in several steps as follows.

Step 1:Existence of approximate solutions.

Let p > 1 be an integer, knowing (u!, T*!), ..., (™1, T*™~1) we define an approximate solu-
tion of problem (3.3) by

;n = Z gzpv’H T* - Z thw747 gzp7hm E R?
0 _
p

(u0)|< ,,,,, Vp)s T*O (TO - Tb) |< ..... wp) s
Tm Tb |<w17 7wp>7 - 0 T*m = 0 on F (3.5)
m+/<:1/.Aum+kBN(u up)—um Ly kfm™
T+ ka Ty 4 Ky (g T + T [) By (u 1) = T

+T7 1 + kg™ — ka AL T — kEN (|| (u, T + T ||v) By (ult, Ti)

P’P

where (v;)1<i<p C D(A) and (w;)1<i<p C D(A1) are respectively the eigen-vectors of the operators
A and A;; Y|w is the restriction of Y on the space W. Let Z, = (v, ..., vp) X (w1, ..., w,) the space
generated by the indicated vectors. To prove the existence of (u;’,7;™) defined via (3.5), we
consider the operator ¢ : Z, — Z,, given as follows; for all U = (u,T), V = (v,5) € Z,,

(p(U), V>Zp7Z£, =(u,v) + (T, S) + kvag(u,v) + kaa (T, S) + kbn (u,u,v) — (T 1, 8) — (T;" 1, 9)

+REN([(w, T + T3 [[v)bi (w, T, §) — (u™ ™~ v) — k (™, v)q
-k <gm7 S>Q + kaa’l(Tm’ S) + kFN(H(u’ T+ Tbm)”V)bl(uv Tgn7 S)
(3.6)
we apply a consequence of Brouwer’s fixed point theorem, see ([24], Lemma 41, page 23). So,
our task is to show that ¢ is continuous and {(p(U),U), . is positive outside a sphere.

Continuity of ¢. Let (U), = (un,T7)n C D(A) x D(A;) a sequence such that (u,,T)) —
(u, T*) = U, it is enough to prove that ¢(U,) — ¢(U). Note that there is no need to specify wether
it is weak or strong convergence since Z,, is a finite dimensional space. Let V = (v, S) € Vx Hj(9),
(p(Un), V)ZP’Z; = (up,v) + (T, S) + kvag(un,v) + kaar (T, S) + kby (U, up, v)+
KEN (|| (wn, Ty + T 9)b1 (wn, T, ) = (w™Hw) — (T4, ) = (771, 8) — k (£, 0) —
k{g™, S)q + kaar (Ty", S) + kFn (|| (wn, T + T;™) |lv)b1 (wn, T3, S) - (3.7)

Taking the limit of (3.7) when n — 400 and arguing as in the continuous case (see step 2 of the
proof theorem 2.1), we can show that ¢(U,) — ¢(U) and the continuity of ¢ follows.
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Coercivity of . Let U = (u,T), then
(p(U), U>ZP,Z;,
=(u,u) + (T, T) + kvao(u,u) + kaay (T, T) + kby (u, u, u)

+KEN([[(w, T+ 1) [9)bs (u, T,T) = (w1 ) = (771 T) = (T;" 7, T)
—k{f"u)g = k(g™ T)g + kaar (", T) + kEx([|(w, T + Tp") [[v) b (w, T, T)

—[uffy + [T+ kv lully, + ko | T = (@~ u) = (T, 7) = (T3, T)

— k(" g — k(g™ T)g + kaar (T, T) + kFy (| (w, T+ T3") )1 (u, T3, T)
> min {kv, ka (JJully + 1717) = ([ |y llly = |77 170 = |23

— k1™ Iy ety = g™ |y 1T = ke [T | 11+ & [E (o, T+ T3 o (T3, T)|
> min {kv, ka} (uly + ITI7) = [w~ |y lully = [T IT1 = ea |75 | 1T

kECA m 2 2
175 e (lally + IT17) -

2

= k1" v ey = Elg™ [ 1T = kaea [T [0 1T +

We choose € such that ekcy || Ty"||p < min {kv, ka}; then

<<P(U)aU>Zp,Z;D
> min (kv ka} ([l + I712) — ™y fully 177 0T = e |23 1
— kI v lully = E g™y 1T = kaea [|T5" | IT] -
Using now the fact that a < (a® + b2)1/2 for all a,b € R,a > 0, we have
<90(U)aU>zp,Zlg
> min kv, ka} (July + 7)) = (lul + 1717)

{7y =17 = ea |7l = B IF™ v = Kllg™ =y — kaea 13" }
1/2

= (el + 1) " {ani sy (e + r17)

1/2
= (el +0707) " Ly + 7+ ea 177

1/2
X

m m 2 2 1/2
= {R1F" s + kg™ + kaea 1T e} (aliy + 1717)

So, {p(U), U>ZP’Z, is nonnegative on the sphere of V x H{ () with radius

2

> mithogay Uy T ea | RN e 4 R llg™ - + kaea [T}

Then we deduce the existence of (u;',T;?) € Z,, solution of (3.5).
Step 2: Some a priori estimates.

At this step, we recall that £ and m are kept fixed, and we want to obtain a priori estimates
on (uy',T;™) independently of p and then pass to the limit on (3.5) as p goes to the infinity.
Taking the inner product of (3.5), with 2u;* and Young’s inequality, we have
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2
m|2 m m—1]2 m||2 m—1|2 kcl mi2
L I M U [V Ui W el A (38)
Similarly, taking the inner product of (3.5)5 with 27, we have

4kc2

T P — T Pk || [* < | T P2 g™+ dkacd | T+

2N2 2
ac5 Ke. (3.9)

with Kg = |u;,"_1|i1 + k—i? |£™|% . Now, we take the inner product of (3.5); with Auj' and of
(3.5)5 with A, T;™. One obtains

m m—1 m
b Uy At

kv [Au|* <k (£, Aw) — Fn([u

Woluy uyt Aug') — (u

*m |2 m *1ML _ *m _ gm—1 *m\ _ (pm—1 *m
P = P P P p
al AT <k (g™, AT, — (T, Tt AT — (T AT
— ka(ATY, ALT™) = kEN (|| (uy, T+ T™) || )b (ugyt, Ty AVT™)
— kEN(||(uy, T + T || b (g, T, AVT™)

(3.10)

This leads to

+—%Wum-—u$—wi,

iz kAN
kv |Au) ? <d4ke? 1f ||3// + CZ H Up HV ky P

em |2 2 mp2 4 86 i _pmo1j2 2 (3.11)
a|A1Tp |” <8kci |lg H*1+E|Tp =T ‘ /C6+8akc3|A1 ‘ .

4 — 12
+@}A1Tbm 1|

Since k and m are kept fixed, we conclude from (3.11) that {( (up ,T;m)}p is bounded in D(A) x
D(A;). As in the continuous case, we can extract a subsequence of {(ug@,T;m)}p still noted

{(urr, T;m)}p such that

weakly in L2(0,T; D(A) x D(Ay)),

L 3.12
strongly in L2(0,T;V x H}(Q)). ( )

(uy", T;™) = (™, T7) {
Arguing as in the continuous case, we can prove that (w™,T*™) is the solution of problem (3.3).

]

3.3 Stability of the Numerical scheme

The objectives here are twofold. First, we follow [20] by computing some a priori estimates on
(u™, T™), solution of problem (3.1). We would like these estimates to be uniform with respect to
m and k. In fact, discretization in time of evolution equations can lead to unstable or conditionally
stable schemes. Hence the importance of having uniform estimates with respect to approximation
parameter. Next, we use the a priori estimates to deduce the unique solvability of (3.1).

We first claim that

Lemma 3.1

i< ol L [0l (313
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M 1 1 (T
m |2 2 2
£ ||V§V[|uoﬂ+y / ||f(t)|wdt]- (3.14)

m=1
X 2 2 1 T 2
Z ™ — um—l’H < |ug|3 + ;/O £ dt. (3.15)
m=1
M um — ,ulmfl 2
The quantity k 3 is bounded independently of m and k .
m=1 v
Similarly, N
2 o 17 2
TP <+ [ el ar. (3.16)
gz o L e LT
YT < 1T [ el ae| (317)
m=1 0
X m m—1]2 2 1 T 2
[T =T < T~ ; lg(@)Z, dt. (3.18)
m=1
M Tm _ Tmfl 2
The quantity k — s bounded independently of m and k.
m=1 v

Proof Taking the inner product of (3.1)3 with 2u™ and using Young’s inequality, we have
2 —1|2 —1]2 2 k 2
L L P e R L el P [+

Summing this inequality over m, we obtain

m|2 - 3 i—112 - 2 2 k U i 2
W 30— w3 [ <ol S a9
i=1 i=1 i=1
We now would like to estimate the right hand side of (3.19).
. 2
2 1 ik
171 < = [ [ sl dt]
(i—-1)k
1 ik 12 7 ik 1/21°
< X ( [ s dt) ( / dt)
(i-1)k (i—1)k
= o[ sl
(i—1)k
Hence _
k m 9 M ik 5 T 9
SR =X [ s des [ 1) (3.20)
— = J-1k 0
Then (3.13), (3.14) and (3.15) follow. In addition, taking the norm in V' of (3.1)3, we obtain
u™ — umfl
| < 1P s+ Ay + By ()
V/
< Nf" v + (@N +vae) [[u™]ly -
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This leads to )

k

H um™ — umfl

m2 m2

<2[f" v+ C le™

V/

where we have used the inequality (a + b)? < 2P~1(a? 4+ b?), a > 0; b > 0;
1<p<oo, ([1], Lemma 2.24). So, we conclude that

m_um—l 2

k

u

IN

M m 2 / M, 2
2k 55 £ 20 5

T 20" 1 (T
< 2 [ IR+ bw§+VAH@MZﬁ1

M
k>
m=1

v/

N

v

o1 [T ) 20"
21+ [ PO dt+ == fuolf -
0
Similarly, we take the inner product of (3.1)4 with 27" and use Young’s inequality to obtain
m2 | |pm—1|2 | |pm _ m—1)2 my2 < K om2

A e L e e B L R =
Summing this inequality over m we have

m|2 G i i—1|2 - 112 9 kK . P2

(D DI Al IR i [ RIS oy P (321
i=1 i=1 i=1

As before, the right hand side of (3.21) gives

. 2
I /m lo(t)l_ dt
9| _ s 5 g _
! k21 G-k !
1 ik , 1/2 ik 1/2]2
< = ([ neora) ([ @
(i—1)k (i—1)k

1 ik 9
= &) N ar.

i—1)k

Hence .
k m 9 M ik 9 T 9
DI D S (N POT ey Ay OTE (3:22)
3 HED oy [ CETEY I

Then (3.16), (3.17) and (3.18) follow. In addition, taking the norm in H~!(Q) of (3.1), we obtain

[ b S I e AT g+ B Tl
< lg™ -y + (N +ac) [T .
From which we have . 1 112
HT}T , S22 T
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Then
2

M ™ _ Tmfl M 9 M 9
kY =% < 2k 3 [lgmIZ, 20k 32 1Ty
m=1 vy m~:1 m=1 _
T / T
2 2C 2, 1 2
< 2 [ o a2 imp =L gl a
0 & @ Jo
T ’
, 20
= 2 [+ &) [ oI a2 mp
O Oé
This ends the proof of Lemma 3.1 |

We need additional preparations to state the stability result. We recall from [20] the following
definition.

Definition 3.1 An infinite set of functions E is called LP(0,T; X) stable if and only if E is a
bounded subset of LP(0,T; X).

Let us introduce the approximate functions

u : [O,T] — V
t —  ug(t) =u™pourt € [(m—1k,mk], mn=1,..,N,

and ~
T.: [0,7T] — W
t — Tp@)=T"pourte [(m—1)k,mk], m=1,...,N.

Then we have the following stability result.

Theorem 3.2 The functions uy and Ty, are respectively L>(0, T; H)NL2(0, ZN“; V) and L*(0, T; Hy)N
L?(0,T; V1) stable.

Proof Due to Lemma3.1, we have

LT 1/2
2 2
sup_fu g < <|uo|H g Ol dt) 7

te[0,T)

T ) 1 o 17 )
lur@®) v dt < = |luolgg + = [ I FDIdt],
0 v v.Jo

LT 1/2
sup |Ty| < <|T02+a/0 ||9(t)|2_1dt> )

te[0,7]

T ) 1
Te()||" dt < —
| imora<g

o 1T 2
mf+ 2 | ||g<t>|1dt]~
0

Then, the theorem is proved . O

Theorem 3.3 Under the assumptions in theorem 3.1, and assuming that the discretization pa-
rameter k is such that

< g ) (329

then is valid the problem (3.3) has only one solution (u™,T*™) € D(A) x D(A;) .
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Proof. It will be enough to prove that problem (3.1) has exactly one solution (u™,T™) €
D(A) x D(A;p). Let (w7, T7") and (uf*, T5") two weak solutions of (3.1), we set u™ = uf* — ul’
and T = T7" — 13", then ™ and T™ satisfy

u™ — um 1+ kv Au™ = —kBy (ul, ut) + kBy (ul', ul)
T — T 4 kaAd;T™ = —kBy 1 (u], T1") + kB 1 (uy, T5") (3.24)
(w™(0), 7(0)) = (0,0)..
Or for all (v, S) € H{(Q) x HL(Q),

(u™ —u™ ! v) + kv(Au™, v) = —kby (ul*, u", v) + kby (ul', ul', v)

(T —Tm 1 8) + ka(AT™,S) = —kbyn1 (ul*, TT", S) + kby 1 (uf*, T3, S) (3.25)

(w™(0),77(0)) = (0,0).

Taking v = u™ in (3.25); and S = T™ in (3.25)q, we have

w5 + kv w3 < —kby (i, wl' w™) + kb (wl, ugt, w™) + [y w1
T % + ko | T < —kby 1 (wf?, T, T™) + kb (ugt, T3, T + [T | T (3.26)
(u™(0),7™(0)) = (0,0) .

Reasoning as deriving (2.32)-(2.35), we infer from (3.26) that

2 2 3k(Ncy)? 2 2 2 _112
™[y + kv [lw |3 < BEEO jum B w3+ L i+ S e

m|2 m 2 mi2 3k(Ney)? |m |2 m 12 m |2 m—1|2
T + ko | T7* < Bl |3, + 2250 1) 4 B o ? 4 4 7 4 T

(u™(0), 7™(0)) = (0,0).
(3.27)
Then,

3k(Ncy)* 2 12
(Vcb) |um|H+’um 1’H.

™3y + kv a3 <
(T2 4 o [T < b 5y 4+ S 2 o [ (3.28)
(w™(0),T™(0)) = (0,0)

At this stage, we continue the proof by induction on the space’s dimension m. First, we mention
that for m = 0, we just have ug and Tj.
Now, let m = 1. Using it in (3.28) and taking into account the fact that u® = T9 = 0, one obtains

|u1|;(1fw)+k”““1”i’§0' (3.29)
3.29
P (1 85 ¢ < -

Then, u} = ul and T} = T3 since (3.23) holds.

On the other hand, we suppose that the solution of problem (3.1) is unique for p = 1,2,3,...,m
and we want to prove that it remains unique for p = m + 1.

We recall that (u™*t, T™+1) verifies

1 2 b a2 < SN g 2y
|Tm+1|2 +ka HTm+1||2 < ka H“mHHif + 3k(JZCb)4 ’Tm+1|2 2. (3.30)

(u™1(0), 7*1(0)) = (0,0).
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By the induction hypothesis u™ = T™ = 0, we then infer from (3.30) that

a1 (1 2O ) oy [l 5, < 0.

TP (1= SO ka7 < kot

Using again (3.23), we obtain u"™! = w5 and T;"*' = T;"*; this end the proof of Theorem
3.3. 0

Remark 3.1 The condition (3.23) for uniqueness is restrictive, but we are all aware that for
nonlinear problems, uniqueness in general is not guaranteed without restrictions. On the other
hand even for Navier Stokes, there is a restriction on the discretization parameter in order ensure
uniqueness (see [20]). Hence having (5.23) is not surprising.
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Appendix
Theorem 3.4 The application

F:VxHNQY — V xH Q)
(w, 2) = (F(w,z), Fa(w, 2))

18 locally lipschitz-continuous with
Fi(w,z) = f —vAw — By(w,w) ,

d— _
Fy(w,2) =g— —Ty — ayTy, — Fx(||(w, 2+ T)

0 Bl w T},) FN(H(w,erTb

Bl 'w Z) — OéAlz

M) ()

Proof It is enough to show that Fy is locally lipschitz-continuous in V x H} ().
Let (w1, 21), (wa,22) € V x HY(Q), we set w = w; — wa, 2 = (21 — 22), we look for a positive

constants Cy such that

[Fo(w1, 21) = Fo(wa, 22) | 1) < C [[(w, 2)ly -

We have
Fy(wy, 21) — Fa(wa, 22) = —Fn(||(w1, 21 + Tp) ||, ) Bi (w1, 21) + Fn(||(wa, 22 + Tp)|| ) Br (w2, 22)
—Fn(|[(w1, 21 + Tp)||) Br(w, Th) + F (|| (w2, 22 + Tp)|| ) Br (w2, Tp)—
CV.A121 +04.A122 (331)

Using (3.31) and arguing like proving the uniqueness result, we obtain

|(=Fn(|[(w1, 21 + Tp) || ) Bi (w1, 21) + Fn (|| (wa, 22 + T)
< New |wlly [12] + New [[(w, 2) [y [|21];

Ml)Br(wz, 22), 2)|

|(=Fn(||(w1, 21 + Ty) || ) B1(w, Ts) + Fn (|| (w2, 22 + Tp) ||, ) Bi (w2, Ty), 2) |
< Nop |lwlly [|2] + New [[(w, 2) [ |21l

and |(—aA;z) + @A 29, 2)| < o] Then,
[(F2(w1, 21) — Fa(w2, 22)), 2)| < (4Nep + a) [[(w, 2)||y ||z consequently

|Fa(wi, 1) — Fa(wa, 22)|| -1y < (4Ney +a) [[(,2)]ly

and we take Cy = 4N¢y + . O
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