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Abstract

This paper discusses a novel three field formulation for the Darcy-Forchheimer
flow with a nonlinear viscosity depending on the temperature coupled with the heat
equation. We show unique solvability of the variational problem by using; Galerkin
method, Brouwer’s fixed point and some compactness properties. We propose and
study in detail a finite element approximation. A priori error estimate is then derived
and convergence is obtained. A solution technique is formulated to solve the non-
linear problem and numerical experiments that validate the theoretical findings are
presented.
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1 Introduction

In this work we study numerically the distribution of temperature in a fluid modeled by
the incompressible Darcy-Forchheimer equations:

v(@)u+ Slulu+ Vp = f in Q, (1.1)
divu=0 inQ, (1.2)
—kAG+ (u-V)f =g in Q, (1.3)

with | - | is the Euclidean vector norm |u|?> = u - w and Q is a bounded open set in R?
(d=2,3) with a Lipschitz-continuous boundary 02 with an outer normal n of length one.
g:Q — R is the external heat source, while f : @ — R? is the external body force per
unit volume acting on the fluid. In (1.1),...,(1.3), w is the velocity and # the temperature,
while p is the pressure. The thermal conductivity « is positive and v is the viscosity and
depend on the temperature. (3 represent the Forchheimer number of the porous media.
Note that when S = 0, the first equation is reduced to Darcy’s equation. The reader
interested in the derivation of the model (1.1),...,(1.3) can consult [1, 2]. The coupling
in (1.1),...,(1.3) are represented through the convective term (u - V)0 and the expression
v(0)u. The system of equations is supplemented by the boundary conditions

u-n=0 ond2 and 6 =6y on 00, (1.4)

where 0y : 99 — R? is the given temperature distribution on the boundary 9. It should
be noted that the first term in the left hand side of equation (1.1) is sometimes replaced
(considering the coupling) by v(8)K ~!u where K is the permeability tensor assumed to
be uniformly positive definite and bounded. Thus from the mathematical viewpoint, this
omission will not changed the results we obtain in this work. The mathematical analysis of
Darcy-Forchheimer’s equation (1.1) and (1.2) has been considered in [3], while mixed finite
element methods are examined in [4, 5, 6]. A compressible Darcy-Forchheimer’s model is
thoroughly analysed numerically in [7] making use of Crouzeix-Raviart’s element, while
its implementation is discussed in [8]. Time dependent problem is analysed in [9]. The
literature on numerical analysis dealing with heat convection in a liquid medium whose
motion is described by the Stokes/Navier Stokes is rich and among others we mentioned
the papers [10, 11, 12, 13, 14]. In [15, 16], numerical analysis of Darcy’s model coupled
with heat equation is examined with specific interest of presenting; the existence theory,
convergence of the numerical scheme, a priori error estimates, and numerical simulations.



Hence it is a natural to consider the numerical analysis of the heat equation with Darcy-
Forchheimer equation in a porous media. The analysis we present here borrow from
[16], but differ from it because the presence of the nonlinear term f |u|w introduces more
computations. The aim of this work is to present a numerical investigation of (1.1),...,(1.4)
using the mixed method in which the boundary condition on the velocity is treated as a
natural one. We start this investigation by presenting two equivalent weak formulations
associated to (1.1),...,(1.4), follow by a discussion of the existence theory by making use
of Galerkin’s approximation, Brouwer’s fixed point, a priori estimates and passage to the
limit. Next, unique solvability is derived when the data are suitably restricted. The
continuous formulation is approximated using conforming finite element scheme where
the compatibility condition between the velocity and pressure is observed. We study the
existence of the finite element solution, and derive uniqueness of solution with a more
tighten condition than the one obtained in the continuous analysis. Convergence and a
priori error estimates for the finite element solution are derived by making use of Babuska-
Brezzi’s conditions for mixed problems. It is interesting to note at this juncture that in
7], the authors are interested in L? a priori error estimate for the velocity with W14((Q)
regularity while in our work we derived L3 a priori error estimate for the velocity with
WH3(Q) regularity. The third contribution of this work is the implementation of the
finite element solution and the resulting numerical simulations. The strategy we adopt to
compute the finite solution find its roots in the works R. Glowinski (see particularly [26]).
Indeed, we proceed in two steps as follows:

(i) the finite element problem we have can be seen as a limit of an evolution problem,
(ii) we discretize in time the evolution problem with Marchuk-Yanenko’s method.

The above algorithm has been tested in many problems and the results one obtains validate
the theoretical findings of this work. The rest of the work is organised as follows

e Section 2 is concerned with the weak formulations, the construction of weak solution.
e Section 3 is devoted to the finite element approximation, and its a priori analysis.

e Section 4 is devoted to the formulation of the iterative scheme, numerical experi-
ments, and conclusions.

2 Analysis of the continuous problem

2.1 Preliminaries

To write the system (1.1),...,(1.4) in a variational form, we need some preliminaries. We

shall use the standard notations (see [23]). Thus for a = (ai,---,aq) denoting a set of
non-negative integers. Let |a| = a1 + - -+ + ag and define the partial derivative 6% by
olal
v Y

- Qx{t - Oyt
Then for any non-negative integer m and number r > 1, recall the Sobolev space

wmr(Q) ={ve L' (Q); 0% € L"(Q), ¥V |of <m},



equipped with the seminorm
1/r

I E:AW%Wm ,

|a|=m

and the norm (for which it is a Banach space)

[v]lwm.r @) = Z ‘”’Tﬂvkm(g)
0<k<m

with the usual extension when r = co. When r = 2, this space is the Hilbert space H™(£2).
The definitions of these spaces are extended in the usual way to vectors and tensors, with
the same notation, but with the following modification for the norms in the non-Hilbert
case. For a vector or a tensor u, we set

1/p
lwllzr(0) = [/Q Iu(ac)lpd:c} )

We recall that for vanishing boundary conditions, we set
H&(Q) = {1) S Hl(Q) : v‘ag = 0} .

The following Sobolev imbedding will be used: for any real number p > 1 when d = 2, or
1<p< d%dQ when d > 3, there exists constants ¢, and cg such that

for all v € H'(Q) , ollo(a) < epllollimo) (2.1)

and
for all v € HH(R) vl () < cSHVvH , (2.2)

noting that (2.2) is Poincaré’s inequality when p = 2. Now, in order to describe the
spaces where the unknowns lies, we observe that Darcy’s equations has two variational
formulations (see [13, 17]), and the spaces involved in those formulations differ. We present
in this text the two possibilities. Firstly, for the formulation which enables to treat the
boundary condition on w as natural one, we observe by multiplying the equation (1.1) by
u and then integrate the resulting equation that u should be an element of L3(Q2)?. Hence
the velocity is studied in the space L3(€2)%. With the velocity space in mind, the gradient
of the pressure should be in L3/2(Q)9. Therefore the space of pressure is

M= {q(m) e WhH3/2(Q); / q(z)dz = 0} .
Q
It is worth mentioning that the zero mean value is added on the pressure to avoid the

pressure given in (1.1), (1.2) to be determined up to a constant. We recall that there
exists ¢ such that

for all ¢ € M, c/ |q(m)\3/2 dr < / |Vq(ar;)|3/2 dx .
Q Q

4



Thus on M, ||V ]| 3/2() is a norm equivalent to W13/2(Q) norm. Finally, the temperature
is an element of H'(§). For the second formulation, we define the spaces

H(div, ) = {v e LX) divee L}(Q)},

Hy(div,Q) ={v € H(div,Q) : v-n|r =0},

equipped with the norm

1911 @iv.) = [0l 70pe + 1 divollZsgg) -

The pressure in the second formulation is then defined in the space
Lg/2(Q) = {q € L3/2(Q) : / q(x)dx = 0},
Q

again here the temperature is an element of H'().

For the mathematical analysis of (1.1),...,(1.4), some structural conditions are needed
on the function v. We assume that v(-) is a bounded continuous function defined on R™
satisfying for some v, vy, v9 in R,

v € CY(R") and for any s € RT, 0 <y <v(s)<wv;and [V (s)| < vy. (2.3)

It is important to note that if the function v(6) is unbounded, the analysis of the problem
will be very hard. But on the other hand since v(f) is neither infinite nor zero, the
conditions (2.3) are reasonable and simplifies the analysis. In the following, we assume
that

geL?(Q) , 6y HY?0Q) and fe L*(Q)?. (2.4)

2.2 Variational formulations

We introduce the following functionals that will be used to write down the weak form of
the problem in abstract setting.

a: L3(Q)4 x L3(Q)¢ — R
(u,v) — a(f:u,v) = /QV(G)u -vdr,
c: HY(Q) x HY(Q) — R
@, p) — ¢(0,p) = /i/QVH -Vpdzx ,
by L3 x M — R
(v,9) — bi(v,q) = /QVq -vdx
d: L3(Q)4x H(Q) x H'(Q) — R
(v,0,p) — d(v,0,p) = /Q('v -V)0pdzx .

t



We consider the variational problem:

Find (u,p,0) € L3(Q)% x M x H'(Q), such that

0 =0y on 01,

and for all (v,q,p) € L3(Q)¢ x M x H(Q),

a(f;u,v) + B/ lu|u - vdx + by (v, p) = / f-vde, (2.5)
bi(u,q) =0, ’ ’

c(0,p) +d(u,0,p) = /Qgpdx.

We note from [18] that

for all (v,q) € N x M, / v - qua?—i—/ gdivudz = (q,v - n)aq,
Q Q
with
N = {v e L3(Q)?: divw € LSd/<d+3>(§z)} .
We then deduce that v - n belongs to the dual space of W'/33/2(9Q). We claim that

Lemma 2.1 Any triplet (u,p,0) in L3(Q)¢ x M x H'(Q) that solves (1.1),...,(1.3) in the
sense of distributions in ), the first equation in (1.4) in the sense of traces in the dual
space of WY/33/2(9Q), and the second equation in (1.4) in the sense of traces in HY/?(0%),
is a solution of (2.5). Conversely, any solution (u,p,0) of (2.5) solves (1.1),...,(1.4) in
the above sense.

One of the crucial point in the analysis of (2.5) is the inf-sup condition

b
Vq e M, sup M

> IVall zsr2 () (2.6)
ozvers@)d 10l Ls @)

obtained by the following dual representation of the norm

/Vq~vdm
IVall ooy = sup S
(©)

ozvers@)d vllrs)
The kernel of b;(+,-) is defined as follows
K(©) = {ve Q) Yge M, hv.g) =0},

which is
K(Q) = {v e L3(Q)¢, divelg =0 and v n|spq = ()} .



With the space K (), we define the following problem

Find (u,0) € K(Q2) x H'(Q2), such that
0 =0y on 01,
and for all (v,p) € K(Q) x H}(),

a(G;u,v)+ﬁ/§2|u|u-'vdx:/Qf-vdx,

(8, p) + d(u,b, p) = / gpdz.
Q

We claim that

Proposition 2.1 the variational problem (2.5) is equivalent to the variational problem

(2.7).

Proof. Let (u,0,p) € L3(2)? x H}(Q) x M be the solution of (2.5), then w is an element
of K(2) and (u,0) solves (2.7).
Conversely, let (u,8) € K(Q) x H}() be the solution of (2.7). For v € L3(Q2)?, we define

L('v):a(G,u,v)+,8/Q|u\u-'vdx—/ﬂf-vd:z:.

It is linear and continuous on L3(Q)? and since (u, 6) is a solution of (2.5), it vanishes on
K (). Hence there exists a unique function p in W13/2(Q) such that

for all v € L3(Q)?, L(v) = by (v, p),

L(v
IVpll ey < sup o)
0£veL3(Q)4 ||UHL3(Q)d

which is the end of the proof. ]

Having in mind proposition 2.1, we can restrict the analysis to the variational problem
(2.7). We note that c(-,-) is continuous and elliptic on H!(Q); this means that for (6, p)
element of H*(Q) x H()

c(0,p) < Kl oy llollai) »  clp.p) = wlIVoll* = wellpllfp gy - (2.8)

The trilinear form d(-,-,-) enjoys the following properties (see R. Temam [24]): for all
(v,0,p) € HY(Q)? x HL(Q) x H}(R) and v is such that divv|q = 0, then

d(v,0,p) = —d(v,p,0) ,

d(v,p,p)=0. (2:9)



The second variational formulation we present in this work reads;

(Find (u,p,0) € Ho(div, Q) x Ly/*(2) x H'(2), such that

=0y on 012,

and for all (v,q,p) € Ho(div,Q) x LY/*(Q) x HL(Q),

a(@;u,v)—{—ﬁ/ |U|U"Udl’+b2(’v,p):/ f-vdx, (2.10)
b2(u7 Q) =0, ’ N

<(0.p)+ d(w.0.p) = [ o,

with
ba(v,q) = —/ qdivvdx .
Q

One observes that any triplet (u, p, #) in Hy(div, ) ><L3/2(Q) x H(Q) that solves (1.1),...,(1.3)
in the sense of distributions in €2, and the first equation in (1.4) is understood in the sense
of traces in the dual space of the trace space of L3/2(2), and the second equation in (1.4)

is understood in the sense of traces in H/2(9), is a solution of (2.10). Conversely, any
solution (u, p,0) of (2.10) solves (1.1),...,(1.4) in the above sense.

We recall the inf-sup condition between Hy(div,€2) and Lg/ 2(Q), there exists 5 > 0 such

that
—/ q divvdx
for all ¢ € L3/2(Q) sup —fk

> Bllall sz » (2.11)
0#£vEH(div,Q) HUHH(div,Q)

obtained by solving the equation

CAp =g Vg L /\QI_l/quaf in Q,
1 Ja
VY -n=0onl =00,

~ _ 1 _
and setting v = V. Indeed ¢ = |q| 1/2q — ]Q‘/ lq| 1/2 qdz is an element of L3(Q) =
Q

{qg e L3(Q): (g,1) = 0}. Thus ¢ € W?3(Q) and the usual regularity of elliptic equation
implies that
1/2

) < cllal}

Moreover,

— (dive,q) = —(A,q) = (@) = [all}5a g - and

19117 aiv.) = 10I173 (e + 1 divollZs o <C||A1/JHL3 ) < clldllpsrz) -

We conclude this paragraph with the following result obtained by application of Green’s
formula

Lemma 2.2 The variational formulations (2.5) and (2.10) are equivalent.

With the equivalence between the variational problems (2.5) and (2.10), we focus next on
the analysis of (2.5).



2.3 A priori estimates and Existence of solution

In what follows, ¢ is a positive constant that may vary from one line to the next one. The
aim of this paragraph is to construct the weak solution of (2.5). The solution is constructed
by using Galerkin’s method, Brouwer’s fixed theorem and compactness results.

We first claim that

Proposition 2.2 There exist positive constants ci,co such that if (u,0,p) is given by
(2.5), then

140} 1
5”“”%2(Q)d +5||u”?i?’(9)d < 20 ||f”%2(g)d )

1 C1
B0y < 1 (142 ) Woolpomy + <l

VDIl 32y < coll Fll2)a + callullpsqya -

Proof. We first recall the Young’s inequality

1 1 1
ab < SaP + b? with — + — =1, a and b are positive. (2.12)
p g

P qg‘I/P

We take in (1.2) v = u and using (2.3) yields

zxo/u-udaH—ﬂ/\u|3dac</f-udx. (2.13)
Q ) Q

Finally using (2.12) one deduces the estimate on the velocity.
Next, we state the following result [18] (see Chap 4, Lemma 2.3): For any J > 0, there
exists a lifting 0y of 0y which satisfies

1801l L0y < 1100l /2oy and (100l m1 () < cllfoll g12(a0 (2.14)

where c is a positive constant independent of . We set 0=0— 50, note that 5\39 =0 and
take p = 6 in (2.5). Noticing that ((w-V)6,60) = 0, we obtain

c(0,0) = —c(éoﬁ)—((u-V)§0,§)+/Qg§dx
— —e(B0,0) + ((u- V)8, 80) + /Q gidz.

Using Holder’s inequality on the right hand side together with Poincaré Friedrichs’s in-
equality and (2.14), yields

SIVGIVal + [ubo V0] + lgllB]
SV BV -+ sl () 10 o e 1911 + 1191161
100l 120 |01 + bl sy IV 160 | 17202y + ellg 1V

K| VO|*

IN A

IN



For § = 1/[|ul|3(q), We obtain

~ 1 c
1981 < (143 ) Wolimeomy + < ol (215)

We deduce the estimate on 6 using the decomposition 6 = 0+ 50, the triangle’s inequality,
(2.14) and (2.15).
As for the pressure, one has

bl(v,p):/Qf~'vdx—/3/Q|u]u~'vda:—/Qy(9)u-vdm,

which with the inf-sup condition gives

b1 (v,
I Vol < sup AP

T < cllfllea + Bllullpsrz @y + villullpsz )
vers@ 1vllrs ) L2 L3/2() L3/2(Q)

Hence the proof is complete after utilization of Holder’s inequality. O

As far as the existence and uniqueness are concerned, from the equivalence property
between the variational problems (2.5) and (2.7) (see proposition 2.1), it is enough to es-
tablish the existence and uniqueness of a solution (u, ) of (2.7). The variational problem
(2.7) is a mixed variational problem with monotone operator and we refer in general to
[22] for a systematic manner of mathematical analysis of such problems. For the imple-
mentation of the method mentioned above, we recall that with the lifting 6y introduced
earlier, (2.7) is rewritten as follows;

Find (u,0) € K(Q) x H}(2), such that

and for all (v, p) € K(Q2) x H}(Q),

a(0+§0;u,v)+5/ ]u\u-vdm—/f-vda?, (2.16)
Q Q

c(6+ 00, p) + d(u, 0 + o, p) = / gpdz.
Q

We claim that

Proposition 2.3 The problem (2.16) admits at least one solution (u,0) € K(Q)x H} ().

Proof. It is done in several steps.

Step 1: Galerkin approximation. First, Since K(2) is separable, there are
P, Py, ... elements of K(£2), linear independent to each other such that

U{wn} CK(Q)7 {¢17¢277¢n7}:K(Q)
n=1

10



Let K, (Q) = {t1,%9,...,1, }. Next since H}({2) is separable then there are ¢, ....... , On
elements of H}((2), linear independent to each other such that

U{on} C HEQ),  To1, 69 b} = HL(D).

n=1
Let W" = {¢1, ¢2, ..., ¢n} . The Galerkin problem associated to (2.16) reads;
Find (u",0") € K,(2) x W™, such that
and for all (v, p) € K, () x W,
a(@"—k%;u”,v)%—ﬂ/ |u"|u"-'vd:1c:/ fvdx, (2.17)
Q Q

c(6™ + 6o, p) + d(u", 0" + 0, p) = /Qgpdw-

To prove the existence of (u",0™), we will apply the fixed point of Brouwer.
Step 2: Brouwer’s fixed point. Let (u,0) € K(Q)x H}(Q) and (v, p) € K(Q) x H} (),
we define the mapping F as follows

F(u,0)(v, p) =a(6 + fo; u, v) + / ulu - vdz + (0 + 6o, p) + d(u, 0 + b, p)
Q

—/f"vdac—/gpdw.
Q Q

We need to prove that F is continuous and non-negative.

(A) F is continuous. Indeed let (u",6"),>1 be a sequence of functions in K (Q) x Hg ()

such that

u"™ — u strongly in L3(Q)?,

6" — 6 strongly in H'(Q

) -
We would like to show that F(u",6")(v,p) — F(u,0)(v,p) .
From the convergence (2.18), the property of v(-) (see (2.3)), we deduce that

(2.18)

for any v € K(Q)

V(0™ + 0p)v — v(60 + fp)v almost everywhere in Q (2.19)
and '

[(6" + 60) [ Ls/2()a < nrllvl| /2 (0)a-
Thus from the Lebesgue dominated convergence theorem one deduces that

for all v € K(€), lim v(0" + fo)v = v(0 4 6p)v strongly in L?(9Q) . (2.20)

n—oo

Thus B N
for all v € K(Q), lim a(6" + 0p;u",v) = a(0 + bp; u,v) . (2.21)

n—oo

11



Passing to the limit in ¢(-,-) is direct and follows from the strong convergence of 6" in
H'(Q). The strong convergence properties (2.18) allows us to pass to the limit in the
trilinear form d(-,-,-). Finally since |u|u is monotone, we have (see [22])

lim/\u"\u”vd:c:/ lu|uvdz .

We then conclude that F is continuous.

(B) there is a constant r for which F (v, p)(v, p) is positive outside the ball B(0,r).
Having in mind (2.3) we have

f(v,e)(v,e):/ u(e+50)\v2dx+5||v|23(Q)d+m||v9u2+ﬁ/ Vo - Vdx — d(v, 6, 6))
Q Q

—/f-vdx—/gedx
Q Q

>vo [0]* + B [0 ][50y + K5IV = 51V V61| = Bllwllaaallfoll ooy I VI
=~ £l = ellgllvol

where we have used Hélder’s inequality, Poincaré’s inequality. Inserting (2.14) and (2.12)
in the previous inequality yields

F(0,0)(v,0) 2w [ol* + B |0l e + K VO — Kclboll 117200 170

= 61100l 172 a0y 10| L3 ()2 VO] = [[ £l 0[] = cllgll [ VOl
141 ) K 1)
> 1ol + ol aye (B0 Listey = 3 Wollmrage ) + (5 = 31l ) 19617
1 2 Cp2 2
- m”f” - E”Q” - CHHHOHHU?(@Q) .
(2.22)
We distinguish two cases.
o If ||'UHL3(Q)d > 1, then ||v||L3(Q) _%HGOHHUQ(BQ) > 1_g||00||H1/2(8Q)7 and (2.22) implies
K

Y 0 0
F(0,6)(0.0) 25 1ol + (8= 3160l ) Pl + (5 = 3 olleio ) 1012

1 2 S 2
- Tyo”f” - EHQH - C"¢||90HH1/2(89) .

We take § > 0 such that

i K
31180l 1 20 < min (28,5 ) |

and we deduce that

v ) )
F0,0)(0,6) '3 ol + min (5~ 160l an)

1
2 140

k0
T = 3ol ) (IVOIP + IolEaay)

c
IF1% = ~lgll* = exllbolF/2 o) -

12



We take r such that

)
= g 8ulaony ) > AP+ Sll? + Ol oy -

»Jk\?t

) )
win (= 5160l

Hence for any (v,6) element of K () x H}(£2), with ||v||%3(md + 116012 = 2, F(v,0)(v,0)
is non-negative.

We recall that | J,, K,,(Q) x W™ is dense in K(£2) x H}(£2), and the properties established
for F are valid for K () x H}(2) replaced by K, (£2) x W™. Thus the Brouwer’s fixed point
is applicable. Hence there is (u”, ") element of K,,(€2) x W™ such that F(u",0")(v,p) =0
for all (v, p) € K,(2) x W™,

o If [[v][zs(q)e < 1. Then (2.22) gives

Vo
Fw.0)©.0) > %ol + 3ol - uwmmmn+( mequywm

1 c
—%HfH2 - ;HQH2 — chillol31/2(90 (2.23)

We first assume that 26|00l ;1/2(90) < k. Now, let 0 < e <1, B > ¢ and § such that
3100l 120y < 2 (B0 ) — 1012y ) = 200l ey (Bl sy — &) < 2(5—<). Thus

for
. (K
510012052y < min (5,2(8 =€)
the inequality (2.23) gives

K

1
F(0,0)(v.0) > ww+swmsd+(4—g%mm%m)ww2

5= W12 = Sl = el on) -

Let r? = ”UH?ﬁ(Q)d +||V0]|2. So by taking r such that

. K 0 2 1 2, Cyn2 2
min <€, 1 2H90”H1/2(3Q)) > TVOHfH + E”g” + C’iHQOHHlﬂ(BQ)’

we deduce that for any (v, ) element of K(Q) x H(Q), F(v,0)(v,0) is non-negative.
We recall that |, K,,(Q) x W™ is dense in K (£2) x H}(), and the properties established
for F are valid for K (Q) x H}(2) replaced by K, (2) x W™. Thus the Brouwer’s fixed point
is applicable. Hence there is (u™, ™) element of K,,(2) x W™ such that F(u", §")(v,p) =0
for all (v, p) € K,(Q) x W™.

step 3: a priori estimates and passage to the limit. The a priori estimates obtained
in proposition 2.2 will also hold in the discrete setting K, (€2) x W". Hence

o
P sy + Bl Wsaye < 5y 17 sy

16" 1) < eallboll /2 (aq) + e llgll -

13



Then we can find a subsequence, denoted also (u”,6"), such that
u” = u  in L3(Q)? weakly
0" — 0 in Hy(Q) weakly .

Now owing to the compactness of the imbedding of H'(Q) into L*(2), there exits a
subsequence, still denoted by (u',0™), such that

(u™,0") — (u,0) weakly in L3(Q)? x HY(Q)

and

0" — 6 strongly in L*(9Q) .
Hence one can pass to the limit in (2.17). We note that passing to the limit for linear
term is direct and only necessitate the weak convergence, but for the nonlinear terms, we

need the arguments used for the continuity of F. Hence the proof of proposition 2.3 is
now complete. ]

To study the unique solvability of (2.7) it is convenient to recall the following mono-
tonicity and continuity properties (see [28, 29])
for all ,y € R"

"y, y — ) (2.24)
)5—2

for s > 2, cly—z|® < (|ZB|S_2€13 — |y
for s > 2, } \a:|s_233 - ’y|s_2'y| <cly — x| (|z| + |y|

with ¢ independent of x,y .

We conclude on the solvability of (2.7) by reporting on the situation where the solution
of (2.7) is unique. We claim that

Proposition 2.4 Let (u,0) € K(Q) x HY(Q) be the solution of (2.7). There exists a
positive constant ¢ depending only on Q such that if for k, f, g, 6y, vo and vy the relation

cVy 1

1 1
1/3 1 1 -+
a1 (14 %) Wollvsiomy + 2lal) <

is satisfied, then the solution of (2.7) is unique.

Proof of Proposition 2.4. Let (u1,6;), and (ug, 62) solutions of (2.7). Then from
the velocity equation of (2.7), we obtain

5 [ (ualus — fustun) - (w2 = wi)do
= /Q v(01)ur - (ug —uy) — /Q v(02)us - (ug — uy)dx
:/ (y(&l) — I/(Qz))’ul . (’LLQ — ’u,1) — / y(<92) (’lLQ — ul) . (’ug — ul)dm,
Q Q

14



which is re written as follows
B/Q (|luz|uz — |ur|ur) - (ue — uy)dx + /Q v(02) (ug — u1) - (w2 — uy) de
= [ w60) = (02w - (2 = i)
Using (2.3), (2.24), (2.1) and Proposition 2.2 one has

o8 luz = wil[faye + w0 fwz =il < [ (0(60) = vl02)) s - (w2 — wr)do
Q

< 1/2/Q|91 — Os| |ug| |ue —ui|dx

< v |0 = 02l po(q luall luz — willpsgya

< L2IAI10 = Call oy llw = w1l psgaye

< IO = 02l lluz = ey d2.25)

Clearly (2.25) together with Young’s inequality (2.12) implies that
2 V2
cf lug —wrlzsge < lelfll V(61— 02)]] - (2.26)
Next, from the temperature equation in (2.7), one deduces that
6(01 — 92, 91 — 92) = d(’u,g, 02,91 — 92) — d(u1,91, 91 — 92) y

which with the definition of ¢(-, ), the property of the trilinear form d(-, -, -), Proposition
2.2, (2.1) gives

K[V(02 = 0[P = d(ug — w1, 02,05 — 61)
< /Q |lug — uq| |VO2| |61 — O2|dx
< cllu —willpsq)e (VO |01 — 02| s (q)
< c <<1 + i) 100]] 17290 + iHQH> lug — w1l g3y [[V(01 — 02)],

which implies that

c 1 1
1962 -0l < £ ((1+3) Wollay + o) Iz = il - 227)

Putting together (2.27) and (2.26), one obtains
cly 1 1
Jua = wll oy |tz = wllsqaye = g 151 ( (1 % ) Wollaamy + 1ol )| 0.

15



Thus for unique solvability we require that

% 1 1 c 1/3
L0 (143 ) Wolrom + 2lal) <l = vy < (50 ) AP,

which ends the proof. ]

Remark 2.1 The restriction condition noted for the uniqueness of solution is not restric-
tive given that we have a nonlinear problem. It is also noted that we do not need extra
regularity of the solution for uniqueness.

We discuss next the finite element approximation associated to the problem (2.5). The
finite element associated to (2.10) will not be addressed in this work as it differ enormously
to the formulation associated to (2.5).

3 Finite element approximation

3.1 Discrete problem

We start by recalling some preliminaries and later we formulate the finite element problem.
From now on, we assume that 2 is a polygon or polyhedron. In order to approximate the
problem (2.5) and (2.10), we introduce a regular family (73); of triangulations of {2 by
closed triangles (d = 2) or tetrahedra (d = 3), in the usual sense;

(a)  For each h, Q is the union of all elements of T,; @ = |J K
KeTy,

(b)  For each h, the intersection of two different elements of 7}, if not empty, is a corner,
a whole edge or a whole face of both elements.

(¢)  The ratio of the diameter hx of an element K in 7} to the diameter pg of its
inscribed circle or sphere is bounded by a constant independent of K and h, that is
hk

— <g
PK

, forall K€T,.

As standard, h stands for the maximum of the diameters of the elements of 7,. For each
non-negative integer n and any K in 7, let P;(K) denote the space of restrictions to K
of polynomials with d variables and total degree less than or equal to I.

In what follows, ¢ stand for generic constant which may vary from line to line but is
always independent of h. We discretize the temperature 6 in a finite dimensional space
H}(Q) c HL(R) given as follows

Hg, () = {0, € CO(Q) N Hy(Q) : for all K € T, 0|k € P1(K)} .

16



The space L3(Q)¢ is approximated by L3 ()% given as follows
L3(Q)d = {'vh e L3I NC@), for all K € Tr, wplx € (By(K) + bubble)d} ,

where P; (K )+bubble is the sum of a polynomial of P; (K') and a bubble function bx (x) =
a1 (x)...age1(x), for any K € Ty, and denoting the vertices of K € T, by a;, 1 <i < d+1,
and its corresponding barycentric coordinates by «;. Note that bx(x) = 0 on K and
that b (x) > 0 on K.

The pressure is approximated in the space M}, given as follows

My ={q, € MNC(Q), forall K €Ty, qnlx € P1(K)},

With these preliminaries in place, we approximate (2.7) by the following finite element
scheme

Find (up,0n,pn) € L?L(Q)d X H&h(Q) X Mp, such that
for all (vp, sp,qn) € L3 (Q)4 x HE, (92) x My,

a(Oy + Oo; up, vp) +5/ [up|wp, - vidx + by (vh, pr) = / f-opdr, (3.1)
Q 0
bi(up,qn) =0,
c(0n + 50, sp) + Elv(uh, O, + 50, sp) = / gsp dx
0

with the trilinear form d(-, -, -) given by R.Temam [24]

1 . 1
d(Vp, On, pr) = d(vp, O, pr) + 3 ((divvp)0p, pn) = 3 (d(vn, On, pn) — d(vn, pn,0p)) -

It is noted that d(-,-,-) is consistent with d(-,-,-) in the sense that

for all (v,0,p) € K(Q) x HY(Q) x HY(Q) , d(v,0, p) = d(v,6, p).

Furthermore d(-,-,-) is anti-symmetry meaning that

for all (v, O, pr) € L3 (Q)4 x HE, (Q) x HE,(Q) 52)
d(vi, O, pn) = —d(vi, o, On) - '

We recall that the discrete version of inf-sup condition (2.6) holds: there exists v (inde-
pendent of h) such that

b1(vn, qn
WVl < sup o)

for all ¢, € My, . (3.3)
vper? @) 1VrllLs @)
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3.2 Existence

We recall that the kernel of by (-,-) in L3 ()¢ is

Kn(Q) = {vh e L3()?: for allq, € My, / qn divoy, = 0} )
Q
and the reduced problem reads;

(Find (up, 0h) € Kn(Q) x HL, (Q), such that
for all (vp, sp) € Ki(Q) x HY,(Q),

a(fn + 50; up, Vy) + ﬁ/ﬂ |up|up - vpde = /Q fopdx, (3.4)

C(9h —+ 50, Sh) —+ glv(uh, eh + 50, Sh) = / gsh dx .
Q

This is a finite dimensional, square system of nonlinear equations. We address next the
solvability of (3.4) by Brouwer’s Fixed point arguments. To this end, for fixed (up,0) €
Kn(Q) x H}, (), one introduces F(up,6) in K, (2) x Hg, (Q) by

(F(up,0p); (v, sn)) =a(bn + 50; up,vp) + 5/9 |up|up, - vpdx + (0 + 50, sp) + giv(uh, 0, + 50, sh)

—/f-'uhdx—/gshdx.
Q Q

From the proof of proposition 2.3, we claim that the mapping F : K, (Q) x HJ, () —
Kn(Q) x H}, (Q) is continuous.

Next, using the anti-symmetry property (3.2) of d(-, -, ), (2.14), Poincaré’s inequality (2.2)
and Young’s inequality one obtains

(F(wn, 0n); (un,6h))
:/ u(0h+§0)|uh|2dﬂe+ﬂ/ |uh|3d:c+/</ VO, |? da
Q Q Q

+ % (aCaun, B0, 60) — d(w, 61,80)) /Q Foupde— /Qgeh dz + c(B, 0

>v0 |unll” + 8 l[unlFa gy + 5 1V 0n 1 = ellwnl s | 70al (I980ll + 1ol ooy )
— el £ llunll 2 ey — 9111681 — 5 Bolll Vs

> lunll sy | Bl sy = & (10017200 + O180ll 117200 ) unl agays — ell £11] +vo el
+ N0l [~V ORI (180112112002 + D180l 11202 ) + (< IV0ll = eligll = ellBoll 20y | -

Hence to show that (F(up, 05); (us, 01)) is non-negative for all (uyp,, 05) € Ky (Q) x Hg,, (Q),
we follow the proof of proposition 2.3. By Brouwer’s Fixed point, this proves existence of
at least one solution of (3.4). Using the equivalence between (3.1) and (3.4), we construct
the pressure and claim that

18



Proposition 3.1 The finite element problem (3.1) admits at least one solution (up, 0y, pn) €
L%(Q)d X H&h(Q) X My, and there exist positive constants c1,co independent of h such that

Lo 2 3 1 2
EHuhHLQ(Q)d +BHuhHL3(Q)d < w0 £,
C1 C1
10nll 10 < e1llfollzrrr2o0) + - llgll + W||90||H1/2(8Q)Hf”2/3 ;

IVpnllsr2qye < c2ll FIl + c2llunllpsqya -

The estimate above are obtained as in proposition 2.2 combined with (3.2). One can
observes the small difference between the estimate on the temperature in proposition 2.2
and proposition 3.1. This difference being the fact that in the discrete setting div uy is
non zero.

We end this analysis with this result

Proposition 3.2 Let (up,0),) € Kx(Q) x HY (Q) be the solution of (5.4). There exists a
positive constant ¢ depending only on Q) such that if for k, f, g, 0o, vo and vo the relation

1

1 2/3
Falolmeonl ) < i

ZAPn Sl
e 11 (W0l ooy + 5 Dol + s

is satisfied, then the solution of (3.4) is unique.

Proof. Let (uip,611), and (ugp, 02p) solutions of (3.4). We follow to the line the
proof of proposition 2.4 and obtain

14
oz~ winlifsoye < eqm IV @0~ o) (55)

Next, from the temperature equation in (3.4), and the anti-symmetry property of d(-, -, -)
one deduces that

(011, — Oap, 011, — Oap) = d(wap, — wrp, Oop + 0o, 011, — Oap,)

which with the definition of ¢(-,-), Holder’s inequality, the bound obtained in Proposition
3.1, (2.1), (2.14) one obtains

RIV Oan = 0l < clluan — wanllagye (I1V0201 + 1980]))

IN

el = winlss (1ol + 5 Vol + sl 1)

which together with (3.5) ends the proof. O
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3.3 Convergence

With the estimates in Proposition 3.1, we can extract a subsequence of h, still denoted by
h, and functions u € L3(Q)%, F € L*2(Q)¢ and 0 € H} () such that

limu;, = u weakly in L3(Q)?

h—0

lim Vp), = F weakly in L*/?() (3.6)
h—0

lim 6, = 0 weakly in HJ(Q).
h—0

The compactness of the imbedding of H'(€2) into LP(£2) for any real number p > 2 implies
that
for all p € [2, 00), }llin%)ﬁh = 6 strongly in LP(Q).
ﬁ

To pass to the limit in (3.1), we need the following approximation properties of the discrete
spaces.

Assumption 3.1 (a)  There exists an operator 11, : L3(Q)? — L3 (Q)¢ continuous

such that
for all (v, q) € L3(Q)? x My,

/ v - Vgpdx = / v-Vgpdzx, (3.7)
Q Q

limIT,v = v strongly in L3(Q)?.
h—0

(b)  There exists an operator ry, : M — My, continuous such that

forallge M , }lLiLr%)Hrhq —qllwrszg =0. (3.8)

(c)  There exists Ry, : H}(2) — HJ,(Q) continuous such that

for all p € H}(Q) , lim||Rup—pl1 =0 . (3.9)
h—0

It is noted that the operators mentioned in Assumption 3.1 can be constructed (in fact
this will be done in the next paragraph).
We first note that

Proposition 3.3 Let (up, 0, pp) be the solution of (3.1) and (u, 8, F) be the limit func-
tions given in (3.6). Assume that the conditions mentioned in Assumption 3.1 are valid.
Then u belong to L3(Q)%, and (u,0) satisfies the first equation of (2.16).

Proof. (A). First, we show that u is in L3(Q).

Let ¢ € M and choose ¢, = rp(q) in (3.1) this gives (Vry(q),un) = 0. The weak conver-
gence of uy, and the strong convergence of r(q) implies that (Vg,u) = 0. Having in mind
that ¢ € M, we have Vq € L3/2(Q)¢ and by duality w is in L3(Q)<.
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(B). The strong convergence of 6, and the continuity of v(-) (see (2.3)) implies that
v(0n, + 0o) — v(0 + 6p) from which we deduce that v(6, + 0p)up, — v(0 + 6p)u almost
everywhere in (). Finally with Lebesgue dominated convergence we have

V(0 + Oo)us, — v(0 + 6p)u weakly in L3(Q)%. (3.10)
We recall that
for all vy € Kp(9)

a(Gh—i—go;uh,vh)—l—B/ ]uh]uh-vhdx—/f-vhd:c.
Q Q

Let v € K(f2) and take vy, = IIpv. Then
a(fn + 50;uh,1'[hv) + ,8/ lup|up, - Mpvde = / f-pvde. (3.11)
Q Q

The weak convergence property (3.10) together with the strong convergence of II;, imply

that - ~
a(0y + Oo; up, lpv) — a(0 + Op; u, v) ,

/Qf~Hhvdx—>/Qf-vdx.

For the nonlinear term (|up|up, [Ipv), we use the fact that the mapping v — |v|v is mono-
tone, hence continuous and wuy converges weakly to w in L3(Q)?. Hence |uy|u;, converges
weakly to |u|u, which combined with the strong convergence of 11, gives (|up|up, Ipv) —
(|lu|u,v). Thus (u,0) satisfies

for allv e K(Q) , a(&—f—go;u,v)—l—ﬁ/|uu-vdx—/f-vdx.
Q Q

O
Secondly

1/2

Proposition 3.4 Under the assumption of Proposition 7, V(eh-i-go) uy, converges strongly

to v(6 + 00)/%u in L2(Q)%.
Proof. We have that
(for all (vp,qy) € L3 (Q)4 x M,

a(9h+§o;uh7vh)+ﬂ/ lwp|up, - vida + bi(vp, pp) = / fopde
Q Q

a(9+§0;u,vh)+B/Q|u\u-vhd:c+b1(vh,p):/Qf~vhdx,

bl(uvqh) =0 and bl(uhaqh) = 07

from which we deduce that
for all (vp,qn) € L3 (Q) x M,
bl(u — UWUp, Qh) =0 5

a(0 + Oo; w, vp) — a(B + Oo; un, v) (3.12)

+5/Q (Julu — |up|ug) - vpde + by (vp, p — rp(p)) + bi(Va, Ta (D) — Pr) =
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We take (vp, qn) = (up, — Ipu, pp, — rp(p)) in (3.12) and obtain that

a(0h, + Oo; wp, — My, wy, — Mpu) + 5/ (Jup|up — Mpu|pw) - (up — Hpw)de
Q
= —a(fn + 50; Myu — uw,up — pu) — a(fy + 50; w,up, — Hpu) + a(f + 50; u, up — lpu)
= (6 + o wnw, — )+ 5 [ (fulu~ [ylTy) - (w, ~ Tyu)ds
Q

+ b1 (up, — Iy, p — 74(p)) + b1(up — Ipu, 74(p) — 1)
and

bi(up — pu, i (p) — pn) = b1(u — pu, 7 (p) — pa) -

Now, |v|v is monotone, hence / (|lup|up — |[Hpullpw) - (wp — Hpu)de is non-negative,
Q

and one gets
a(0y, + 0o; wp, — My, up, — Myu)
< —a(0y + 50; Myu — uw,up — pu) — a0 + 50; w,up, — Hpu) + a(f + 50; u,up — [pu)
= (6 + o wnw, — Ty + 5 [ (fulu~ [ylTh) - (w, - Tyu)ds
Q

+ b1(wp — Hpu, p = 7a(p)) + br(w — yw, mr(p) — pr) -

(3.13)
Owing to the weak convergence of uy, in L3(Q2)2, the strong convergence of II,u in L3(£2)2,
the strong convergence of ), in H((2), the continuity of both v(-) and |u|u, the first term
in the right hand side of (3.13) tends to zero. Similarly, the strong convergence of rp(p)
in M and the weak convergence of IIu and uy,, both in L3(Q)? show that the sixth term
in the right hand side of (3.13) tends to zero. Finally, the strong convergence of Il u in
L3(Q)?, the strong convergence of both py, and 7, (p) in M imply that the last term in the
right hand side of (3.13) tends to zero. Consequently,

lima(6;, + 50; up — Hpu, up — pu) =0,
h—0
thus yielding the asserted result by making use of the triangle inequality. O

We now turn to the pressure and note that Vpj, is bounded in L3/2(Q)¢ and having
in mind that p, € M, Poincaré’s inequality is applicable, so p; is also bounded. Hence

lim Vpy, = F weakly in L¥2(Q)? and limpy, = p weakly in L*/2(€).
h—0 h—0

We then need to show that F' = Vp.

Proposition 3.5 Let (up, 0y, ppn) be the solution of (3.1) and (u,0, F) be the limit func-
tions given in (3.6). Assume that the conditions mentioned in Assumption 3.1 are valid.

22



Then F = Vp and moreover (u,8,p) satisfies
for all (v,q) € L3(Q)? x M
a(f + 0p; u, v) +,6’/ |ulu - vdx + by (v,p) = / fvdx
bi(u,q) =0. N N

The proof follows the lines of the proof of Lemma 2 in [7]. The only difference here is the
presence of the temperature.
Thirdly, we claim that

Proposition 3.6 Let (up,0p,pn) be the solution of (3.1), and (u,0,p) given by (3.6)
and satisfying the first two equations of (2.5). Assume that the conditions mentioned in
Assumption 3.1 are valid. Then

limuy, =wu strongly in L3(2)?
h—0

limVp, = Vp strongly in L3/2(Q)d.
h—0

The proof follows the lines of the proof of Theorem 6 and Theorem 7 in [7]. The only
difference here is the temperature.
We now turn to the temperature and let p € H3 () and take s, = Ryp in (3.4) to obtain

c(O1, + 00, Rnp) + d(wn, 0y + o, Rpp) = /Qthﬂ dz .

Owing to the weak convergence of 6, in H'(Q) and the strong convergence of Rpp in
H'(Q) we have

lim (0, + 6o, Rpp) = c(0 + 6o, p)

h—0

lim/thpdx:/gpdx.
h—0 Jq Q

As for the trilinear term d(-,-,-), we first consider the equivalent relation

- - 1 - ~
d(up, 0, + 6o, Ryp) = 3 <d(uhv On + 6o, Rnp) — d(wn, Bup, 0p + 90)) ,

and follows the lines of the proof of Theorem 3.9 in [16].

Remark 3.1 [t should be noted that since the solution (u,p,0) is unique, the entire se-
quences (W, pp,0n) converge and not just subsequences.

Remark 3.2 The convergence result obtained can be interpreted in two different ways:
(a) We actually obtained the convergence of the finite element solution (wp,pp,60n) to-
wards to the solution of the continuous problem (u,p,0). Thus ensuring a sort of reliabil-
ity /quarantee of the approximation.

(b)  We have indeed constructed the solution (u,p,0) of the continuous problem via the
finite element solution (wp,pp,0p).
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3.4 A priori error estimates

We tackle the convergence here by computing a priori error estimates. These errors are
obtained with the assumption that the problems (2.7) and (3.1) are uniquely solvable. It
is worth noting that without uniqueness no convergence result can be formulated.

We make precise and sharpen the approximation properties in the statement of Assumption
3.1.

The interpolation operator for the temperature is Ry, : WhP(Q) N H}(Q) — HE, (),
is the regularized operator constructed by Bernardi and Girault in [19] (for d=2), or by
Scott and Zhang [20] (when d=3) satisfying the following a priori error estimates: for all
KeTy,,m=0,1,1=0,1, and all p > 2,

for all p e WlJrl,p(Q)) |p - th|Wm’p(K) < C(pvmu l)hlJrlim‘p’WH'l’p(AK) ) (314)

where A is the macro element containing the values of p used to define Ry, (p).

The velocity will be interpolated by a variant of the Clement’s type operator in Scott
and Zhang [20], i.e II;, : L3(Q)? — {v;, € C(Q)%, for all K € Tj,, vp|x € P1(K)?} which
is locally stable, meaning that

for all v € L3(Q)d, ||HhUHL3(K)d < CHU”L?’(AK)d y (315)
and has the following a priori error estimates: for m = 0,1 and 1 <1 < 2,
for all v e H(Q)4, |v— Ipv| g (gya < chi=™ ] (a ) - (3.16)

The pressure is interpolated by rj, : WP(Q)NM — M}, a modification of Ry, constructed
in [21], and satisfying; for all K € T;,, m =0,1,1=0,1, and all p > 2,

for all p € WHLP(Q), |p— Thplwme (i) < c(p,m, l)hl+1_m‘p’Wl+1,p(AK) ; (3.17)

where A is the macro element containing the values of p used to define 71, (p).

We claim that

Theorem 3.1 Let (u,p,0) the solution of (2.7). Let (up,pn,0n) the solution of (5.1).
We suppose that VO and Vg are elements of L3(Q)® and we take r, vy, 3,12, f such that

~1
~ v
IV (60 + 90)||L3(Q)d < cy (1 + W’f||2/3> . (3.18)

Then the following a priori errors hold for all (wp, qn, ty) € L%(Q)d x My, % Héh(Q)

IV(p— Ph)HL3/2(Q)d < c||Vign — P)HL3/2(Q)d +cl|V(6n — )|
+cHuh - uHLi‘(Q)d y (3.19)
1/2
= wnll oy < ellwn — ull® + cllwn =l sy + ¢l Vian = Pz g

2/3
L3(Q)d

(3.20)

|V (tn = 0)[['/2 + cllwn — ul| 5l + ellu —wa
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V(O = O)| < cllV(0 = tn)ll + cllu = whll s e + cllun = unll sy (3.21)

Proof. Let (u,0,p) and (wup, 0y, pp) solve respectively (2.7) and (3.1). The proof is con-
ducted in three steps.
error analysis on the pressure. Since we have conforming finite elements spaces, we de-

duce from velocity equations of (2.7) and (3.1) that for all v, € L3 (Q)¢

b1 (v, p — pr) =a (0 + Oo; un, v1) — a(B + Oo; w, vy)

3.22
48 /Q (ot s, — ) ol (3:22)

From the definition of a(-, ), the mean value-theorem, Holder’s inequality, (2.3) and (2.1)
one has

a(0h, + Oo; un, v1) — a(8 + Oo; u, vy

= / v(fp + go)uh cvpdr — / v(0 + go)u -vpdx
Q Q

= [ v+ B — ) o~ |

; (1/(6 + 60) — v(6) + 50)> u - vpde

_ / V(O + O0) (un — u)-’uhdx+/ V(0%) (0, — 0)u - vpda
Q Q

< 1/1/ |lup, — u| |vp|de + V2/ 0y, — 0] |ul |vp|dz
Q Q

< viflup — ulll|vnll + v2l0n — Ol s yllulll|vnll 3y
< villup — ull[|vnll + cv2||[V(On — O)||lulllvall sy - (3.23)

Next using Holder’s inequality and (2.24)

/ (|lup|up — |ulu) - vpde
Q

2/3
lonll e ( R |uru>3/2dx)

C”vhHL3(Q)d </ |Uh — u|3/2 <|'u,h|3/2 + |’u,|3/2) dl’)
Q

ellonl zagayellen = wl sy [lenll sy + Il agaye] - (3.24)

IN

2/3

IN

IN

Returning to (3.22) with (3.23) and (3.24), and using the bounds on the velocity in propo-
sition 2.3 and proposition 3.1 one obtains that

for all v, € L3 ()¢,

bi(vn,p — o) < vil|up — ull||lval +
C 2/3
+WHJ‘H B3onll s gyallun — ull 1 qya -

Cl9

2o 1NV (O = O)l[onllzs(aye (3.25)
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Let qp, € My, it follows from the inf-sup condition (3.3) and (3.25) that

b1(Vh, qn — Pn)
7|V (qn _ph)HL3/2(Q) < sup —H :
vperi @ [VnllLs@)a

b1(vn, qn — p) + b1(vh, p — pn)

< sup
vpeL3 Q) vnll L3 (o)
ClV9
< [[Van = )l a2y + nillun — ul + TOHfHHV(@h all
¢ 2/3
+7(Voﬁ)1/3 £ 1122 e, — l| 3 0ya (3.26)

Using the triangle inequality, we recover the estimate on the pressure.
error analysis on the velocity. Since we have conforming finite elements spaces, we de-
duce from (2.7) and (3.1) that

for all (v, qn) € L3 (Q)? x My,
a(0y, + 0o; up, vp) — a(0 + Oo; u, vp) + 5/9 (Juplup — |u|u) - vpde = by(vp, p — ph) ,

bi(up —u,qs) = 0.
(3.27)
Using the mean value theorem, one has

a(Qh—l—éo; up, V) —a(9—|—50; w,vp) = /

V' (0%)(0h—0)u- vhd:):—i—/ v(0+600) (up —u) - vpde .
Q

Q

Thus we can re-write (3.27) as follows

(for all (vp,qn) € L3 () x My,
/ v(0+ 0o0)(up — u) - vpde + 5/ (lup|up, — |uju) - vyde
Q Q
= b1(vn,p — pn) — / V' (0%)(0 — 0)u - vpdr,
Q

bi(up, —u,q,) =0.

(3.28)

Let wy, € L3 (Q)4, inserting it in (3.28) by using the linearity of operators involved, one
gets

for all (vp,qn) € L3 (Q) x My,
/ V(0 + 0p)(uy, — wy,) - vpda + / V(0 + 0p)(wp, — ) - vpda
Q Q
—i—ﬁ/ﬁ (lup|up — |wp|wp,) - vpde + ﬁ/ﬁ (lwp|wy, — |u|u) - vpde (3.29)

= b1(vn,p —pn) — / V(0% (0, — 0)u - vpda
0

[ b1(u — wp, g — pp) + b1(wy — wp, g —pp) = 0.
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We take successively v, = up, and vy = wy, in (3.29) and take the difference in the
resulting equations. This gives

/ I/(9 + 50)\wh — uh\2dx + 6/ (]whlwh — \uh\uh) . (wh — uh)dx

Q Q

= /QV(9 +00) (wh — ) - (wp, — wp)dz + 5/9 (lwplwp, — |ulw) - (wp, — up)d (3.30)
+  bi(wp —u,pp — qn) + bi(wp — up, qn — p) + /Q V' (07)(0h — O)u - (wp, — wy)dz .

We need to bound from below the left hand side of (3.30) and from above the right hand
of (3.30). First from (2.3) and (2.24)

/QV(9 + 50)|’wh — uh|2dx + 5/ (]whlwh — |uh|uh) . ('wh — uh)da:
Q
> vollwp, — wn || + eBllwn — unl7s g -

Secondly from (2.3), following the way (3.24) is derived, using the bound on the velocity
in proposition 2.3

/ V(0 + 60) (wp, — ) - (wy, — up)dz + B/ (|lwp|wp, — |ulu) - (wp, — up)dz
Q Q

< willwn — ulllwn = wn | + Bellwy — wnllzagyallwn = wllzsgye (Ilwnllzs oy + llls@)e)

< willwn — ulllwn = up | + Bellwy, — wnlls(yallwn = wllsgye (Ilwn = ull L@y + 2wl gy )

( 05)1/3

f 2/3
< v e — wlllfwn — a4+ Bellon — il gl — ull sy (Hwh |+ e M)
Finally from (2.3), (2.1), the bound on the velocity in proposition 2.3

bi(wp, — w,ph — qn) + bi(wp — up, qn — p) + /Q V'(07) (0 — 0)u - (up, — wp)dw
< wn — wllps@)all Ve — an)ll a2y + lwn = wnll 3@l Vign = p)ll 1320

+ g IV 0, = )l — wi

Returning to (3.30) with the above inequalities, one has

vollwn — unl® + ¢Bllwn — unlljs gy

<vi|wp, —ulllwy, — wn|| + Bellwn — unllps@yallwn — w7

B

+ OLE IF11272Jwn — wnl| s oyallwn — wll 30y

+ |lwp, — u”L3(Q)d”v( P — C_Ih)HL3/2(Q) + [lwn, — uh||L3(Q)de(qh - p)HL3/2(Q)

Cl/:
+ muﬂﬁﬁnvwh — O l[en, — wh
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and by (2.12), (3.26) and the triangle inequality one obtains
2

14 1% 3/92
g”wh — up|® + eBllwn — un sy < TyloH'wh — | +¢(B) (IIwh —ul|7siqa + IV (an — )HL/L%/Q )
+ o8, va,v0, || FIDIV (= )12 + e(v1, v0, B, | £ D l[wn = w570
2Hf|| | £11%/?
+ cllwn = ullps@ye | 190 = Pllavacey + 1allwn = ull + =) =Vt = 0)ll + o 2r7g lwn = wlpseye
CIIfHV2 cva| £/
[V (0r — tr)lllwn — ul + WHV(% —tn)||[lun — wall -

(3.31)
Hence one needs to estimate the temperature to close that inequality.

error analysis on the temperature. Since HJ,(Q) C H}(f2), from the temperature
equations in (2.7) and (3.1), we deduce that

for all sp, € Holh(ﬂ)d , 0(9 — 0y, Sh) = J(uh, 0 + 50, Sh) - cj(u, 0+ 50, Sh) .

For any t, € Hy, (), we let s, = 6, — t;. Using the anti-property of d(-,-,) (see (3.2))
one gets

KIIV (0 — ta)l|I* =c(8 — th, O — tn) + d(un, O — 0,05 — tr) — d(u — wp, 0 + b0, 0 — 1)
— d(wy, — up, 0 + 6o, 01, — ty)
=c(0 — tn,0h — t) + d(un, tn — 0,0, — t3,) + d(uw — wp, 0, — tp, 0 + 6p)
+ J(wh —up, 0 —t, 0+ 6p).
From Holder’s inequality, (2.1) one deduces that
KV (O = )| <KIV(O = ta)] + cllwnll s @I V (tn = 0)| + cllw — whl a0yl V(0 + o) |

+ cllwn — ||V (O + 00) [l L3
(3.32)
We replace (3.32) in (3.31) and use (2.12) to obtain

cva|| £II*? Yo
<—HV(9+90)HL3(Q) PG IV (0 +60)lls () + = | lwn — wnll® + cBllws — w3500
V2 2 3 3/2
< o lwn — ul|” + c(B) (Hwh — 750 + V(gn )HL3/2 ) + (B, va, vo, [ FIDIV (Er — 0) |
3/2
+ c(vi,v0, B, | FIDI[wn — U\lLé(Q)d + = wh|Fs g + V(0 + 00)ll 3oy llwn — ulf.
(3.33)
Finally applying the assumption (3.18), one gets
3/2
lwn —wnl|® + lwn = wnllgs g < erllwn —wll? + eallwp, — ull7s g + e3lVign )||L/3/2
+ |V (tn — 0) %2 + cs|Jwy, — UH%Z&W + col|u — w7 + crllwn —ul®.
(3.34)
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The estimate on the velocity is obtained by application of the triangle inequality. The
inequality on the temperature is obtained from (3.32) and application of the triangle
inequality. O

Remark 3.3 Considering theorem 3.1, together with the operators Ry, 1y, introduced
earlier, and taken (w,p,0) in H(Q)? x W23/2(Q) x W23(Q), we deduce that

= | s @ya+ 1p—pnll w1720y +10=0nll 0y < ch? <||UHW173(Q)‘1 + [Ipllw2s/20) + HQHWZ?’(Q)) :

We believe that the sup-optimality is due amongst other to the monlinear term in the
equations.

4 Numerical experiments

4.1 TIterative scheme

The finite element problem (3.1) is nonlinear hence iterative/incremental scheme need to be
formulated for its resolution. A direct strategy to make the above system less nonlinear and
weaken the coupling between its various equations is to linearize the nonlinear terms, but
the main drawback of this approach is that the stiffness matrix of the resulting system of
equations is not fixed, thus will require more computational time. We formulate in the lines
that follows a strategy based on linearization and operator splitting. This methodology
allow us to decouple the computation of the velocity and pressure from the temperature.
The starting procedure is the Laplace equation for the temperature and a linear Darcy’s
equations for the velocity and pressure. This initial step reads:

Find (69, u),pY) € H, () x L3 (Q)? x M), solution of

for all s, € HY (),  c(6Y,54) = / gsn dz — (6o, sp) , (4.1)
Q
and
for all (vp,qn) € L3 (Q) x My,
/ V(69 + 00) V) : Vopda + by (vs, p)) = / f-vupde, (4.2)
Q Q
bl(ugv Qh) =0.

Then knowing (69, u?,p?), compute the sequence (67, w™, p}) for n > 1, until an adequate
stopping condition is satisfied, by decoupling the temperature from the velocity and pres-
sure as follows:

e Knowing (uy,py, 0} ) compute uzﬂ/g, uZH/S in L3 (), (uZH,pZH/?’) € L3 (Q)4x M,
such that for all (v, gpn) € L3 ()% x My,

1 n 1 Y n
= (V(uhH/S — ), wh) + 5al0h + fos w1 o) = 0, (4.3)
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1 n n 1 n Y n n
- (V(uh+2/3 - uh+1/3)a V’Uh> + §a(eh + 90;Uh+2/37’vh) + b (’Uhaphﬂ/s) = / f-opdzx,
Q

a
b1 (UZ+2/3, qn) =0.

(4.4
1 n n
o (V(UZ'H - uh+2/3), Vvh) + 5 ( uh+2/3’ uZ"'l, vh) =0. (4.5
Finally we compute 6} € H}, () solution of
for all s;, € HL, ()
(4.6)

(07 sp) + d(uptt ot sy,) = /Q gsn dz — (8o, sp) — d(u ™, 0, sp,) .

The equations (4.3),(4.4), (4.5) are obtained by adding the artificial derivative in time,
with a being the positive parameter chosen to enhance convergence.

The algorithm (4.3), (4.4), (4.5) and (4.6) has been used in [26, 30], and justify in this
context by realising that when ¢ approaches oo

U — Uy in L2 (4.7)
with us the velocity from (2.7) and w the velocity from the evolution problem

(u(0) = ug,
for all (v, p) € K(Q) x HZ(Q),

(0:Vu,Vv) + a(0;u,v) + 6/ lu|u - vdx = / f-vdz, (4.8)
Q Q

c(0,p) + d(u,0,p) = /Qgpdw-

Thus computing the solution of (2.7) is almost equivalent to compute the solution of (4.8)
for big enough time.

4.2 Simulations

We now study the numerical behavior of the algorithm (4.3), (4.4), (4.5) and (4.6). The
test problems used are designed to illustrate the numerical behavior of the algorithm rather

than the actual Darcy-Forchheimer model coupled with the heat. We have implemented
algorithm (4.3), (4.4), (4.5) and (4.6) by taking v(f) = 1 +e7?.

4.2.1 Flow past a circular cylinder

This is classical problem in computational fluid mechanic and has been studied by many
authors [31, 32, 33]. The geometry together with the boundary conditions are given in
Figure 1 and (4.9)

{u1 = 0.3/0.412 % 4y(0.41 —y), up =0 on Ty, = {0} x (0,0.41), (49)

up = 0.3/0.412 % 4y(0.41 —y), ug =0 on Tyy = {2.2} x (0,0.41).
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Of course it is assumed that on the other part of the boundary of €2, homogeneous boundary
conditions is prescribed. We also use k = 1, while the value of 3 is indicated on the plots.
For the temperature 6 and heat source g, we take

0(z,y) = 2y(2.2 — 2)(0.41 — y)((z — 0.2)* + (y — 0.2)* — 0.5%)

9(z,y) = —kA0(z,y)

90(x7y):07 f(xay) =0.

Figure 1: Geometry and boundary conditions

.41m

2.2m
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In this example, we take h = 1/10, a = 0.01 and the convergence of the evolutionary
problem is observed when 7' = 1. In the results plotted in Figure 2, it is observed that the
flow is unidirectional and uniform far from the circle, while the temperature is uniformly
distributed. It is worth mentioning that the same pattern were obtained for § = 0.001
and 5 = 0.01.

Velocity field Streamlines
04rfF

[ 9 —

0.2 —0"

RY =
0]
0 0.5 1 1.5 2
function Qh
0.1
0.05
0
0.4
0.2

2

o
o
-

Figure 2: velocity-streamlines and temperature for § = 1/2
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4.2.2 Driven cavity flow

This is a standard benchmark for assessing the performance of algorithms for many flow
problems and it has been studied by many authors in different context(see [30, 31, 32, 34]).
The configuration is as depicted in Figure 3. It corresponds to a flow in a box = (0, 1)2,
with the boundary 02 =T"U S with

I = {(0,y)/0<y<1}U{(z,0)/0<xz<1}U{(1,y)/0 <y <1}
S = {(z,1)/0 <z <1}

For this example, we also use k = 1 and the following functions

0(x,y) = zy(1 —2)(1 —y)
g(x,y) = —/@AH(x,y)
00($3y) =0, f(ac,y)ZO

For the simulations we have used h = 1/20, @ = 0.01 and the convergence of the evolution-
ary problem is observed when 7" = 1. The stream function, the velocity and temperature
distribution are represented in Figure 4, Figure 5 and Figure 6 below. It is noted when 3
is decreasing we have less iterations.

Figure 3: Driven Cavity description

[l =1‘u2=[]

ulzo‘ uZZO
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Velocity field Streamlines

,,,,,

05 - -

0 0.5 1

function Hh

0.1 -

0.05 -

=0

Figure 4: velocity-streamlines-temperature for 5 = 0.25, CPU=32.25s, iter=97

Velocity field ; Streamlines

05 - - - .

0 0.5 1

function Qh

0.1 -

0.05 -

=

0.5 0.5

Figure 5: velocity-streamlines-temperature for 5 = 0.1, CPU=32.1, iter=92
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Velocity field ; Streamlines

£ e e e e e

\\\\\\\\\

05} - - - -

0 0.5 1

function 6)h

0.1 -

0.05 -

=

0.5 0.5

Figure 6: velocity-streamlines-temperature for § = 0.01, CPU=31.51, iter=89
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4.2.3 Rate of convergence

In this test, we are interested in the rate of convergence of the finite element solution
(up, pn,0r). We recall that (see remark 3.3)

[ | 3yt P—Dnllywr./2 () HI0—0n | 1oy < b/ <”uHW1a3(Q)d + Ipllw2s/2(0) + H0HW2v3(Q)) :

We consider a flow region = (0,1)? with analytical solution (u,p, ) given as follows

ui(z,y) = —sin(wz) cos(my)

ug(z,y) = cos(mx) sin(my)

p(z,y) = —Lsin(rz) cos(my) (4.10)
0(z,y) = 2sin?(mz) sin(ry).

The right-hand side f and g are taken for (4.10) to be the exact solution given 5 and
k = 1. The stream function, the velocity and temperature distribution are represented
in Figure 7, and Figure 8 below, and the rate of convergence is calculated in table 1 and
table 2, which is agreement with the theoretical findings.

Velocity field Streamlines

! = ‘-\\
A
PJ’ ZEaNNNY
0.5 {'\“\r\l'—'\‘ ﬁU

function Hh

=

Figure 7: velocity-streamlines-temperature for 5 =1/2
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Velocity field ; Streamlines

0.5 LRI N
\ \\\\_ - zl J
ER\\\‘:: 4

function Hh

Figure 8: velocity-streamlines-temperature for 5 =1

h lu —up|| Rate |Ju—wuplrz Rate |p—pnllrs2 Rate
1/4 2.571e-2 1.051e-4 5.057e-1
1/8 1.451e-2  0.82 1.703e-4 0.70 3.737e-1 0.44
1/16  6.921e-3  1.06 1.033e-4 0.69 2.345e-1 0.67
1/32  3.512¢-3  0.97 6.987e-5 0.57 3.407e-1 0.54

Table 1: Convergence rates with 5 = 0.25

h ||9ref — 9;,” Rate Hﬁmf — 9h||1 Rate
1/4 9.844e-2 1.009e+0
1/8 2.873e-2 1.77 5.067e-1 0.97
1/16 7.124e-3 2.01 2.478e-1 1.03
1/32 1.885e-3 1.91 1.246e-1 0.95

Table 2: Convergence rates with 5 = 0.25
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4.3 Conclusion

We have presented a Darcy-Forchheimer’s equation coupled with the heat equation in
its continuous and finite element version. Conditions for the unique solvability of the
continuous and finite element equations are investigated. Convergence of the finite element
solution is obtained by making used of Babuska-Brezzi’s theory for mixed formulations.
Finally, numerical algorithm for the actual computation of the finite element problem is
formulated and implemented. Numerical simulations exhibited validate the predictions of
the theory developed.
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