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Existence results for a monophasic compressible
Darcy-Brinkman’s flow in porous media

Houssein NASSER EL DINE(1:2), Mazen SAAD(!),| Raafat TALHOUK(?)

Abstract In this paper, we are interested in the displacement of a single compressible phase in Darcy-
Brinkman’s flow in porous media. The equations are obtained by the conservation of mass and by considering
the Brinkman regularization velocity of the standard Darcy infiltration velocity. This model is treated in its gen-
eral form with the whole nonlinear terms. In first part, we prove the existence in one dimensional space of a
solution for the Dracy-Brinkman system, and in the second one we treat this system with Bear hypothesis in
multidimensional spaces.

1 Introduction and the Darcy-Brinkman model

1.1 Introduction

Flow in porous media occurs in a range of engineering applications, e.g., geothermal systems, oil extraction,
ground water pollution, storage of nuclear waste, heat exchangers, catalytic convertors, and chemical reactors.
Among the important characteristics of such flows are the velocity profile and pressure drop [11]. For example,
these two directly influence convection heat transfer in porous media, and the required pumping power in heat
exchange processes. In convection heat transfer, the velocity profile is substituted into the energy equation to
obtain the temperature distribution. In reactors, the velocity profile strongly impacts the chemical reactions
(see [2,4,8,20]).

Different empirical laws are used to describe the filtration of a fluid through porous media [19]. We mention the
Darcy law which states that the filtration velocity of the fluid is proportional to the pressure gradient. The Darcy
law cannot sustain the no-slip condition on an impermeable wall or a transmission condition on the contact
with free flow. That motivated H. Brinkmann in 1947 to modify the Darcy law in order to be able to impose
the no-slip boundary condition on an obstacle submerged in porous medium. He assumed large permeability to
compare his law with experimental data and assumed that the second viscosity u equals the physical viscosity
of the fluid in the case of monophasic flow. Also, an up-scaling of the Stokes equations with non-slip boundary
condition describing the flow in a porous medium, leads to the Darcy-Brinkman equations [5].
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1.2 The Darcy-Brinkman model

We are interested in the displacement of compressible phase in a Darcy-Brinkman flow in an isotropic porous
media. The equation describing the displacement of compressible fluid is given by the following mass conser-
vation of the phase:

9ap(p)+div(p(p)V) =0, (D

where p is the density of the fluid which is a given function depend on the pressure p and ¢ is the porosity. The
velocity V is given by the Brinkman-Darcy law [7, 19] :

—VKAV + iV = —kVp, )

where k is the permeability of the porous media, fi is the usual Darcy viscosity and V is the Brinkman viscosity. It
is well known that solutions of hyperbolic conservation laws can develop discontinuities, even for smooth initial
data (see, e.g., [13]). The presence of these discontinuities or shock waves implies that solutions of conservation
laws are sought in a weak sense and are augmented with additional admissibility criteria or entropy conditions
in order to ensure uniqueness. As the phase flow equation (1) involves a conservation law, we need to define a
suitable concept of entropy solutions for these equations and show that these solutions are well posed. The main
challenge in showing existence is the fact that the velocity field V acts as a coefficient in this equation. Although
conservation laws with coefficients have been studied extensively in recent years (see [1, 3,9, 10, 12, 16]) and
references therein, the state of the art results require that the coefficient is a function of bounded variation.
However, the fact that the coefficient ( the velocity) depends on p poses a big difficulty to treat our equation
as a conservation law equation. In order to obtain a system be resolved, first we develop equation (1), then we
divided by p(p) to get

¢du+V - -Vu+divv =0, 3

where u = In(p(p)), that give the pressure p = p~!(e*). In what follows let us define the function h(z) =
p~! (%) and suppose h is regular enough (see paragraph 3.1 for some given examples of /) which leads us to
obtain the general form of Brinkman-Darcy system of a single phase :

4
—VKAV + iV = —kVh(u). @

{ 9du+V -Vu+divV =0,
The system (4) is a coupled transport-elliptic system (of Hyperbolic-elliptic type) strongly nonlinear (due to the
fact that V depends on u). The study of such system in PDE is not standard or trivial. To our knowledge, there
is not any results or study concerning this system. So our study of this system will be divided into two parts,
the first one concerns the system (4) in one-dimensional space and in whole R. The second part concerns the
system (4) under the Bear hypothesis in a bounded domain Q C R<.
First of all we will start by transforming the first equation of (4) into a dispersive nonlinear equation by using
the linear elliptic structure of the second equation which allows us to work in a fractional spaces with high
regularity. For that, apply formally the Helmholtz operator (—vkA + [i) to the first equation in (4) to get

{ Ofidu— ovkdiv (Vo) — kVh(u) - Vi — 2VkVV : VVu — VKV - VAu — kdiv (Vh(u)) =0, -

—VKV?V + iV = —kVh(u).

We precise the notation that : VV = (VV),; = (9;V;);;, VVu = (9;d;u) V2V =V.VVandA:B=Y,;a;bi;.

ij ij’
In whats follow, we will solve this system in one dimensional space R, and later we will pose Bear hypoth-
esis on the system (4) in order to solve this system in high dimensional bounded space Q.
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1.3 Organization of the paper

We start by defining some notations in Section 2.1; next in Section 2.2 we show the well-posedness of the
Darcy-Brinkman equation in 1D by giving some preliminary result and make some linear analysis to state the
main theorem. Then in section 3 we rewrite the Darcy-Brinkman system with Bear hypothesis and state some
particular cases of state law. Finally in section 3.2 we prove the existence of a weak solution of a generalized
system covering those particular cases.

2 Study of Darcy-Brinkman model in one dimensional space
2.1 Notation

We denote by C(A,A,,...) a constant depending on the parameters A;, A, .... The notation @ < b means that
a < Cb, for some nonnegative constant C whose exact expression is of no importance. Let p be any constant
with 1 < p < o and denote L” = LP(R) the space of all Lebesgue-measurable functions f with the standard
norm

flr = (/R f(x)ﬂdxy <o

When p = 2, we denote the norm |- |2 simply by |- |». The inner product of any functions f; and f, in the
Hilbert space L>(R) is denoted by

(f1.£) = [ AL
The space L™ = L”(R) consists of all essentially bounded, Lebesgue-measurable function f with the norm

| ] = esssup | f(x)| < oo.

We denote by W= = W=(R) = {f € L*, d,f € L™} endowed with its canonical norm.

For any real constant s, H* = H*(R) denotes the Sobolev space of all tempered distributions f with the norm
| flas = |A®fl2 < oo, where A is the pseudo-differential operator A = (1 — 33)%

For any functions u = u(x,7) and v(x,7) defined on [0,7) x R with T > 0, we denote the inner product, the
LP-norm and especially the L?>-norm, as well as the Sobolev norm, with respect to the spatial variable x, by
(u,v) = (u(,1),v(,1)), luler = |u(t,.)|r, [u|2 = |u(z,.)|;2 , and |u|gs = |u(t,.)|ns, respectively. Bys (0, R) is the
closed ball of center 0 and radius R in H®.

Let C¥(R) denote the space of k-times continuously differentiable functions and Cy’(R) denote the space of
infinitely differentiable functions, with compact support in R.

For any closed operator 7 defined on a Banach space X of functions, the commutator [7, f] is defined by
[T,flg=T(fg) — fT(g) with f,g and fg belonging to the domain of T.

2.2 Well-posedness of the Darcy-Brinkman equation in 1D

In one dimensional space, the Darcy-Brinkman equations (5) can be simplified, into

{ Ot — 020y u — adeh(u)dgu — 2119,V 32u — UV d3u — adh(u) =0, ©

—Ud*V +V = —adh(u),
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where h(u) = p~' (e*),a = ﬁ and u = %" By change the scale in time, we can consider ¢ = 1 which change

nothing in the study of this system. For the sake of simplicity, we write
T=1-pad?.
The following lemma gives an important invertibility result on T

Lemma 1. The operator T : H*(R) — L*(R) is well defined, one-to-one and onto. In particular we have

77" flers + VEIT ' 0uf s S | flas, Vs >0, )

Proof : The proof of this Lemma is classical but for the sake of completeness we reproduce the proof. In order
to prove the invertibility of 7T, let us first remark that the quantity |v|. defined as

V2 = [vI3 + 1o ]3

is equivalent to the H'(R)-norm but not uniformly with respect to u € (0,1). We define by H!(R) the space
H'(R) endowed with this norm. The bilinear form:

a(u,v) = (Tu,v) = (u,v) + 1 (xu, dyv) (8)

is obviously continuous on H!(R) x H!(R). Remarking that a(u,u) = |u|?, in particular, a is coercive on H,.
Using the Riesz Theorem, for all f € L?(R), there exists a unique € H, (R) such that, for all v € H} (R)

a(u,v) = (f,v);
equivalently, there is a unique solution to the equation
Tu=f.

We then get from the definition of 7 that 92u = ﬁ (u—f).Since u € H'(R) and f € L*(R), we get *u € L*(R)

and thus u € H*(R). We prove here estimate (7). Indeed, from equation (8) by using Cauchy-Schwartz inequality
we have

1 1
) < |flaluls < 17+ 1
Then it is easy to get |u|? < |f|3. We prove here that |7 f|gs + /H|T ' 0cf|us < | f|us. Indeed, if £ € H* and

u="T"'fthen Tu= f. Applying A* to this identity, we get TA*u = A*f. Since A® is commute with 7~ and
7!, one can use estimate |u|> < |f|3 to get the result. O

2.3 Linear analysis

In order to rewrite the first equation of Darcy-Brinkman system (6); in a condensed form, let us define the
following operator

A[V,ulf = —adch(u)f —2udV o f — uVI*f —adih (u)f — ah’ (u)o.f.

The Darcy-Brinkman system (5) can be written after applying 7' to both sides of the first equation in (5) as

€))

—Ud*V +V = —adch(u),
du+ B[V, u]du =0,
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where B[V, u] = T ~'A[V,u]. This subsection is devoted to the proof of energy estimates for the following initial
value problem around some reference state i:

—UdZV +V = —adh(ii),
diu+ B[V, i|du =0, (10)
u(0,x) = up(x).

A natural energy of the second equation of system (10) is given by
ES(u)? = (Au, TASu) = |v|3s + 1|03, -

Notice that E*(u)? for a fixed u is an equivalent norm of the norm of space H**!. We prove now the following
proposition:

Proposition 1. Let s) > %, s > so+ 1 and ii € C([0,T];H*™1). Then for all uy € H**! there exists a unique
solution (u,V) to (10), In particular we have for all 0 <t < T, u € C([0,T];H**')NC'(0,T;H*) and V €
CO([0,T]; H*2), with

1
E*(u(t,x))> S M E* (up(x))? exp (z, G 1)) (11)
For some A = Ap = 2sup,c(o 1) (|it] ys+1 + 1). And also we have

Vgse2 < C[ale, [hle=) [ s (12)

Proof : Before establish the proof let us recall here some product as well as commutator estimates in Sobolev
spaces.

Lemma 2 (product estimates). Let s > 0; one has for all f,g € H*(R)NL*(R),

\f8las S |e=|gles + | f 1518l
If s > 59 > %, one deduces thanks to continuous embedding of Sobolev spaces,

| 8les 1S s |8l

Let F € C*(R) such that F(0) = 0. If g € H*(R)NL™(R) with s > 0, one has F(g) € H*(R) and

[F(8)las < (18l | Fle=) [8las-
Proof : The proof is classical (see [15, 18, 22]). O
Lemma 3 (commutator estimates). For any s > 0, and d.f,g € H*(R) NH*~'(R), one has

(A%, f18l12 S 19uf 151181 + [0S |18l st
Thanks to continuous embedding of Sobolev spaces, one has for s > so+ 1,50 > %,
A%, flglz S 10xf 1ps-118lgs1-

Proof : The proof can be found in Kato and Ponce [15]. O
Proof of proposition 1:Existence of V is classical and we can easily proof the following estimate on V

Vg2 < C(Jalz=, [Ale=) [ s
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indeed,

ES(V)? = (TASV,A®V) = —k(A*(h(@)), A*V) = —k(A*dy(h(@) — h(0)),A*V)
— k(A (h(a) — h(0)),A°3,V),

furthermore, for all ¥ > 0 we have
E*(V)? = k(A (h(7) — h(0)),A*0V) S %,Ih(ﬁ) = h(0)|ms + 710:V |5,
this yields, for y small enough and by Lemma 2 to
E*(V)? < C(lalr=,|hlc=) |l

Replace now s by s+ 1, we get the estimate. Furthermore, in order to prove V. € C([0,T); H +2) we have that
Sforallu,v € Bys(0,R), s > so+1

|h(u) —h(v)|gs < C(R,|h|c=)|u—v|gs, (13)
then from the first equation of (10) and the continuity of i one can deduce that V € C([0,T]; H**2).

On the other hand, under the regularity of it and V, the existence and uniqueness of a solution u of the sec-
ond equation of (10) can be achieved like in Appendix A [14] if we have estimate (11). We thus focus our
attention on the proof of the energy estimate which is also primordial to the solve the non-linear system. For
any A € R we compute

ar) (eil’ES(u)z) = —AE*(u)* - 9, (E*(u)?)
since
ES(u)? = (A*u, TAu).
we have
o (E‘(u)z) =2(TA’Ou,A’u)
One gets using the equation (10) that :
%e’“a, (e*“Ew)z) - —%ES(M)z +a (A (uh(@)du) , A*u) + 2 (A (9,V2u) , A'u)

+u (A (VOu) ,A%u) +a (A* (9uh (@)dku) ,A*u) +a (A° (K (@)Fu) , Au). (14)
For all skew-operator T (That is T* = —T ), and for all b smooth enough, one has

(A (bTu) ,A’u) = ([A®,D]Tu,A’u) — % ([T,D)A u, A’u),

we deduce applying this identity with (T = dy and T = 8)63 ) and integrating by parts,
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1 A ‘ ‘ ,
Eebat (e*ME“(u)z) = —EE“(u)z—&—a ([A°, Och ()] Oy, A'ur) —% (8)62h(ﬁ)/\su,/\“u) +2u (A° (8XV8X2M) Au)
s 3 s E 3 s s 37“ 2 K K 37‘11, 248 s
+ 1 ([A°, V]9 u,A'u) — > (VA u,A’u) — > (97V A u,Au) — 5 (0V ;A u,A’u)
+a ([A%, Ok ()] deut, A'u) — g (2 (@)A*u, A'u) +a (A* (W (@)02u) , A’u)  (15)

We now turn to bounding from above the different components of the r.h.s. of (15).

— By using the commutator estimate one gets for all s > %
a([A*,0h(@)]0wu, A*u) < al[A*, xh(i0)) deula|ulrrs < |0Zh(@) g1 |Outl gy |l S |9 H(E) | g1 el
then, If we apply Lemma 2 on F (i) = h(ii) — h(0) we get
a([A, dsh(in)|Oxut, A’u) < |07 (@) g1 [ulfys S 18l gy |ulFys
— Thanks to continuous embedding of H* (R) in L*(R) for all so > § we have

(OFh(@)A*u, A*u) < 10Zh(@) = |ulfs < 107 h() o ulfys S [l ggsge2 uels.

NSRS

— The product estimate give as for all s > so, such that so > %

21 (A* (9:VIFu) ,A'u) =2 ([A*,0,V]9Zu, A'u) + 2 (VA IFu, Au)
=24 ([A,0:V]07u, A*u) — 241 (O:VA* Oxu, A*Ocu) — 211 (9FV ASu, A*Oyu)
S (102V s 1|0 Ul gys—1 [u] s + 92V | yso | Qx| 35 + |OFV |50 | Ot s ] s ) -

— Similarly we have for all s > sg, and s > %

a(A* (W (@)d7u) ,A*u) = a ([A*, 1 (@)]0Fu, A*u) +k (h (@) A* Ocu, ASOyut) + k (Ol (@) A*u, A* 9y
=a ([A*, 0 (@)]07u, A*u) +k (W (@) — 1 (0) + 1 (0)) A*Ogu, A*Qyut) + k (ol (1) ASu, A*Oyur)
S 1O (@) 51|07 ul = |t as + | (i) = 1 (0) g0 [ Outtl s + | Orcta s + |0 (@) o | Dta s ua | s

S 10015 |07 ul gyt [l s+ (|2l o+ 1) |Ostel s + | g1 [ Outa] s ] s
— Using the identity [A®,V]03u = 0y ([A*,V]02u) — [A*,0,V]02u leads to

1 ([A,V]92u,A'u) = (3, ([A*,V]02u) , A') — p ([A, 0,V]02u, A'u)
= —pt (A%, V]92u, A*9) — 1 ([A*,3,V])92u, A*u)
S 19V 1105 ulpgs1|etelrs + 19V | pgs- 1|0l g [l )

— An integrating by parts give us for all s > so, and sy > %
% (O3VA U, A%U) = — 1 (92V A Dytt, A%u) < 12|92V |y |t s | Dot s
— Similarly we have for all s > sg, and sy > %
3 a0 as s 2
- (VA e, A*u) S |97V | pyso [u| s | Ot s

. . . 1
— As before, we integrate by parts and using the product estimate to have for all s > so, and so > 5
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37“ (V2N u, A’u) = _37“ (OV DA U, A" et) — 37“ (Va2 A u, A'u)
< u (|8xV|Hs0 ‘M|Hs|(9xu|Hs —+ Iasz‘HSO |M|Hs|axu|Hs) .

— Furthermore we have for all s > so, and so > %

a([A®,0uh ()] O, Au) < |OZH () g1 11 Ot gy S |l o 11| O] g1

— Also we have for all s > so, and so > %
a
3 (O2H (@) A*u, A*u) S |OZH (i) | gso [ual s S |t oo |l s

Finally if we take so = s — 1 we obtain

33 (e PE02) £ o e+ g+ 1) s IV g s — %E%u)z
< s+ 1) Vs — 2B ()
Thanks to the above inequality, one can choose
A=Ar =2 sup (|i|gsn1+1),
1€[0,7]
one deduces
Mo, (e_MES(u)z) AV | pgos B (u)2.
Integrating this differential inequality yields
Vi € [0,7), E*(u(t,x))* S E (o +/ V()| B (u(§ )P

SETE ()P + [ W (§) o B (u(E.0)2dE.

Then by estimate , one can deduce from estimate (16) that
Vi € [0,T], B (u(t,x))® < ATE (u +/ )| E* (u(§,x))2d¢
S () + [ AR g ) g,

next by using Gronwall Lemma we obtain

ES(u(t,x))? < eME* (up(x))? o Man) _ M ES (up(x))? exp (i (e’“ - 1))

Now, for the last estimate we have

ES N (Qu)? = (A1 0u, TA L) = (AS~'0u, A~ VT dur)

(16)

a7

=a (A" (9ch(@)du) , A* o) + 21 (A1 (9,V IZu) , A" dut) + (A (VIJu) , A" ' du)

+a (A (9 (@) D) , A Ou) +a (AT (W (@) d7u) A ' du)

similarly, as in the estimate of E*(u(t,x))* we apply a similar estimate in order to obtain
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ES 1 (Qu)* S lal gyt + 1) [l s [l s -+ IV |y [t] o [ Gl s

next, by using estimates (1) and Cauchy-schwarz inequalities we get
o _ 1 _ _
E*H(0u)® S (1 p) it + 1) futl oo Oyl e S ¥ (14 )]s+ 1) [ulFoin + ¥ (14 ) @] gosr + 1) | GpualFps,

since (E®)? is an equivalent norm of the norm of space H**' and by choosing 'y small enough we obtain
ES(Qu)? < C(Juo|ys+1, 1, A), Yt € [0, T].
O

Theorem 1. Let sy > %, s> 5041 and ug € HtL. Then there exist a positive T such that for all 0 <t < T,
there exists a unique solution (u,V) to (6), in particular we have u € C([0,T]; H**')NC'([0,T];H*) and V €
C(0,T;H*?).

Proof : We want to construct a sequence of approximate solution (u,,V,)n>0 by the iterative scheme

_Iiaxzvn-&-l + Va1 = —adih (un)a
uo(t,x) = uo(x), and Vn € N, < i1 + B[Vt 1, up)0xitn1 =0, (18)

Up+1 (va) = uo(x)7
where B[V,s1,un] = T ' A[Vyy1,u,] and A is defined as follows
A[Vn+17un]f = _aaxh(un)f_ 2l~Laan+laxf_ .an-&-laxzf_ aaxh/(un)f - ah/(un)axf-

In order to prove the existence of a unique solution of system (6), we will prove that the iterative scheme (18) is
convergent and the sequence (u,,V,)n>0 converges to (u,V) where (u,V) is the unique solution of system (6).
By Proposition 1, we know that there is a unique solution (u,1,Vy11) € C([0,T];HTY) x L=(0,T;H*?) 1o
(18) if u, € C([0,T]; H*). Let R > 0 be such that E*(up)* < %, it follows from proposition 1, equation (16)
that u,1 satisfies the following inequality

Yt € [0,T], E (upr1 (1,%))> < *TE (u +/ TNVt (8,2) ot EX (1 (8,x))2d
we suppose now that
ES(un(t,x))* <R,

then, using the fact that |V, 11| gst1 < E*(uy) yields to

E*(up11(1,%))* < g AT*‘/ ReM OB (w41 (8,x))%d8,

next by using Gronwall Lemma we get

s 2_Rr /’ A(—0) _Rr R
E*(uy11(2,x)) gze exp ORe dg =S¢ exp k(e 1) .

Hence, there is T > 0 small enough such that

sup E* (uy11(1,x))> <R. (19)
[0,7]

On the other hand, we will show that (u,)n>0 is convergent, and to do this let us estimate u,| — uy
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o (Eo(un+] - un)z) = Z(Tat (unJrl - “n)a“nJrl - un)
=-2 (A[[Vn+17un]ax (un+1 - un)7un+1 - un) - 2((A[Vn+17un] _A[Vnaun—l]) 8xun7un+l - un)-
(20)

For the first term in the r:h.s of (20) it can be easily estimated for all 5o > % as follow

(|”n|1-150+1 + 1) |”n+1 - Mn|,%.11 +I~L‘Vn+1 |[-150+2|un+1 —Un 12.11

(14 ) a1+ 1) [ttt — w21

-2 (A[Vn+1;un]ax (un+1 - Mn) yUn41 — un) 5
<

Also for the second term in the r.h.s of (20) it can be estimated by

_ ((A[V)H»laun} *A[Vmunfl]) axun,’/anrl - un) 5 (|u”|H‘O+2 + 1) |Mn — Uy |H1 |Mn+l _ un|H|
+ M [ttn] o1 Vit = Vil g [tn1 — | g1
and so on by the first equation of (18) and by estimate (13) we can obtain the following estimate
|Vn+1 7Vn‘HS+1 S |un7un,1\H.r. “2))

Next using estimate (19), we obtain

0 (E® (1 —un)?) < Cluol s, 1, R) [t 1 — ttnl 7 + Cr (o] s, 1, R), |t — 1 | g1 |ttt — | g
< C(|uo] st s R) 1 — |31+ Ci (Juo| s, 1, R), [t — 11 |1
< C(Juolggs+1, 1, R)E® (ttn 1 — ) + C1 (Juo| s, 11, RVE (u — 1)
< C(|ug| s, 14, R)E® (st 11 — )2 + Cy (|utg| o1, 14, R) [sou})]Eo(un — )%

Integrating with respect to t give us

t
E° (1 —Mn)ZSC(M0|Hs+1,H77L)/O E°(up 1 — tn)* + Cy (s s, 1, ) sup{E° (y — un—1)* }t
[0,T]

1
< C(uo| st v.ual)/o EO(”V:H - "‘n)z +Ci (ol gs+1, 14, 24) [Su%{EO(”n - “nfl)z}T-
0,7

Furthermore, by using Gronwall Lemma we get

Eo(u,,+1 — u,,)2 < Ci(uolgser, 1, A) [sup]{EO(un — un_l)z}Texp (C(|uo) ggss1, pt, A)t)

)

< Ci(|uo| gs+1, 1, &) exp (C(|uo|gs+1, 4, A)T) T[SUP]{EU(Mn —un-1)*}.
0,7

This yield to

sup {E 11— )2} < (C1(ltolgesr, 4,2 exp (Cllutol oot 1, )T T ) sup{E a1 o)}
[0,7] [0,7]

Finally, for T > 0 small enough we have
Ci (|uo]jgss1, 11, A) exp (C(\uo|Hx+1,u7l)T>T <1
Consequently, we conclude the existence of a time T = T(|ug|yst1) and a function u such that u, con-

verge strongly to u in L*(0,T;H"). On the other hand, we conclude from this convergence and by esti-
mate (21) that there exist a function V such that V, converges also strongly to V in L*(0,T;H?). Since
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(tn,Vy) are bounded in H*' x H%? and according to the previous convergence we conclude that (u,V) €
L=(0,T; H*1) x L=(0,T; H**?). Then we can pass to the limit in system (18) when n — oo to deduce that (u,V)
is a solution of system (6). Furthermore by interpolation results we obtain | (u, —u)(t,-)| ;¢ — 0 forall s' < s+1
which gives us a strong convergence for u, and V,, in higher space. Now we can prove V € C([0,T|,H**?) and
by classical argument see [23] we have that u € C([0,T|,H*"). Finally the continuity of d,u can be obtained
from first equation of (6). O

3 Study of Darcy-Brinkman’s flow in R, d > 1 with Bear hypothesis.

In this section, we are interested in studying the system of Darcy-Brinkman with Bear hypothesis (see [6]) in a
bounded domain multidimensional, which consists in neglecting the variation in density Vp -V in the direction
of the flow and from this assumption one obtains our model.

First of all, let us recall that the system of Darcy-Brinkman with a source term is given by

pIp+V-Vp+pdivV =pf, 22)
—UAV +V = —aVp.
vk
Jil
viscosity. Then by using Bear hypothesis V - Vp <« 1 and after applying the Helmholtz operator (—uA + 1) on
the first equation of (22), we get

where a = %[J = =, with k is the permeability coefficient, fi is the Darcy viscosity and v is the Brinkman

Odu—uPAdu—div(aVp) =g, (23)

with u = In(p(p)) and p = p~!(e"). In the following section we are interested in some particular case of fluid
in order to have a relationship between the pressure and the density.

3.1 Some particular cases of state law

Case 1: Ideal gas. In this case the relationship between the density and the pressure is given by
p=pop” = poe™

hence
Vp = ypoe™Vu,

with 7 is the polytropic exponent, its value in the two main cases covered by this state when applied to gas
are: Y = 1 for isothermal process, and 7y bigger than 1 for adiabatic process, as example, the air with normal
temperature, Y = 1.405 this value is obtained by the experimental data). In all cases we have y > 1.

So for this state, equation (23) becomes

0ou— UPAdu— yapydiv(e™Vu) =g.
Case 2: Slightly compressible gas. The state law is given by

p(p) = poexp(&(p — po)),

thus,
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! p
= — 1 —_—
P C(p0+ nPo)

hence

equation (23) becomes linear and reads to :

Oou— UPAdu — %div(Vu) =g

Cas 3: Another form of slightly compressible gas. The equation of this form is given by

p(p) = po(1+7(p—po)),
: P —Po U : :
which leads to p = T =+ po, consequently Vp = We Vu. Furthermore, equation (23) becomes :
0 0

a
du— UOAdu— —div(e"Vu) = g.
¢ou—pPPAdu 700 iv(e"Vu) =g

In the next section, we prove the existence of a solution of a generalized system covering these 3 cases and
specify the regularity of this solution.

3.2 A generalized system of the Darcy-Brinkman equation

Let Q be a bounded domain in R?, with Lipschitz boundary d€2 and we denote by 1 the outward normal vector.
We set Or :=[0,7] x  where T > 0 is a fixed time. Our system is given by

Ot — pAGu —div (f(u)Vu) = g, (t,x) € Or,
uvVou-n+Vu-n=0, (t,x) €[0,T] x 992, 24)
u(0,x) =upg(x), xeQ

where g is a function in L?(0,T; H~'(Q)), and f is a continuous positive function. The medium is considered
isotropic and homogeneous, then, as before we can change the scale in time to consider ¢ = 1. Furthermore, we
introduce the notion of weak solutions of (24) as below.

Definition 1 We say that u : Qr — R, is a weak solution of system (24) if ug € H' () NL*(R) and for all
T>0,ueW'(0,T;H"(R)), such that for all ¢ € L*(0,T;H'(2)) we have

T T T T
/ / atu(pdtdx+[.t/ / Vatu~V(pdtdx+/ /f(u)Vu~V(pdtdx:/ /g(pdz‘dx7 (25)
0 JQ 0 JQ 0 JQ 0 JQ

and u(0,x) = up(x) in H'(Q).
We state the existence theorem of weak solutions of the system (24) as follow.

Theorem 2. Under assumption uy € H'(Q) N L*(Q), the initial value problem (24) has a solution u in the
sense of the definition 1.

In additional, we establish the maximum principle first, then we prove theorem 2.
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Proposition 2. (Maximum principle) Let u the solution of system (24), if g in L=(Qr), and if up € H' ()N
L=(Q) then

—max (|g]2=(0p) [1olr=(0)) < u < max (|g|r=(0,), ltol1=(q)) € -

Let us start by proving Proposition 2.
Proof : We multiply the first equation of (24) by ¢®" and o real to be chosen later

0 (e*) = e du+ ae™u
we obtain
O (e u) — ote™u— pA (9 (e u) — ote™u) —div (f(u)V(e*u)) = e*g
let w = e* u, the above equation is rewritten as
hw — aw — Adw + o Aw —div (f(u)Vw) = e*'g.
Let a < 0, then we write @ = —| | and let 3 a constant to be determined,
dh(w— B) + lal(w—B) — pAd(w — B) — |aluA(w — B) — div (f(W)V(w — B)) = ¢ "¢ — |a|B.

Multiply the above equation by (w — )" and integrate on
d 2 2 d +2 +2
[ S lov=By*Pax+ 1o [ (v Byt Pax-+p [ IVO0v—BY* P+ ot [ V0w B)* P
o dt Q o dt Q
+ [ 1@IVor— gyt Pax= [ (g~ |alB) (w—B)*ax
Q Q

e

‘OI‘“ | g|) to impose that the left hand side is negative. Precisely,

we choose the parameter § > néax( I
T

—alr
_ e
el _|a|f <0< B> Wg, Y(t,x) € Or.

then, by integrating over ]0,7[ and choosing ot = —1 we get
L 1w=B) P [ (V0e—B)* Pax < [ [uo—B)" Px-+pu [ [V(o—B)* P

Finally, by choosing 8 = max (|g|Lw(QT), |u0\Lw(Q)) we get (up— B)* = 0, consequently w < f3.
Similarly, to show that the solution is bounded below, we take —(w — )~ as test function and we choose
B = —max (|g|L=(o;): [uo|L=(2))-

O
Proof of theorem 2: The proof of theorem 2 is done in two steps. The first step consists to study a regularized
problem, next for second step consists to pass to the limit as € — 0.
Step 1: Let € > 0 fixed. We introduce the regularization f; instead of f in the system (24) which is given by

fe(u) = 1_{(&% Then, we obtain the following regularized system :
ditte — LA Dyue — div (fe(“e)vue) =8 (tax) € 0r,
uVoug -n+Vueg-n =0, (t,x) €[0,T] x 9L2, (26)

ug(0,x) = up(x), x€Q.
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The proof of the existence of solution u of system (26) is based on Schauder fixed point theorem, for that we
build the following application F given by :

F :L20,T;L2(Q)) — L*(0,T;L*(RQ))
e — F(ilg) = ue,

where u, is the solution of the following linear problem
/ Orue Qdx+ ,u/ Voug - V(pdx—|—/ Se(iie)Vue -Vodx = / godx. 27
Q Q Q Q

for all ¢ € L*>(0,T;H'(£)). The existence and uniqueness of this solution is obtained by using of the Faedo-
Galerkin method, which give u. € H'(0,T;H'(Q)), see for example [17].

Lemma 1 F is a continuous map from L*(0,T;L*(Q)) to L*(0,T;L*(R2)).
Proof : Let ! be a sequence in L?(0,T;L*(R)) and i, € L?(0,T;L*(£2)) such that
@' — iie in L*(0,T;L*()) when n —» oo
Let u} = F(a}) and ug = F(iig), the aim is to show
U — ue in L2(0,T;L%(R)) when n — oo
First of all, for all n € N, we have u} and u, are solution of (27), then take the difference between the two

corresponding equations of u} and ue, in addition if we take ¢ = u}; — u, as a test function in (27) and integrate
in time we get:

2// |l — ug | dsdx+”// dt|v ! —ug)|? dsder//fe @) |V (il — ue)|* dsdx

b [ Gela) = felie)) Ve () dsdx=0. (28)
0 JQ

Next, we estimate each term of (28). The first one of the left hand side is writing as follows, since the two
sequence have the same initial condition

1/t d 1
5/0 A) E(Mg—ue)z dsdx = i”ug_ugHiz(Q)

Similarly, the second term is equivalent to

H 2 1 n 2
//dt 02— e))? dsd = 21V () g

Furthermore, the third term is nonnegative
[ [ 5@ (7 6= o)) dsax > 0
Finally, for the last term by using Cauchy-Schwartz and Young inequalities
[ [ ) = fele)) Ve ¥ (2 — e) s <
2/ / |(fe (@) — fe(ie)) Vue|* dsdx + 5 / |V (u —ug)||L2 \ds,
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but fe (i) — fe(iie) — 0 almost everywhere in Qr, also we have |(fe (@) — fe (it )) Vue |* < 2 |Vue|* € L' (Qr).
then by Lebesgue dominated convergence theorem, then there exists a positive integer ng such that for all n > ng
we have

T
[ [0t - retae) Ve < c,
0 Jo
where C,, is positive constant tend to zero when n — +oco. Finally, by using Gronwall Lemma for n > ng we have
2 el 21 ) < C1 (1. T)C
Consequently, we have u — ue strongly in C°(0,T;L*(2)), and particularly in L2(0,T;L*(Q)). O

Lemma 2 F is an application from L*(0,T;L*(Q)) to W'=(0,T; H' (Q))

Proof : Since u € L>(0,T;H' (L)), one takes the solution u, as a test function in the weak formulation (27),
and gets that

1d d
EE/Q|u8|2dx+%a/g|Vu£\2dx+/gf£(ﬁ£)\Vu£\2dx:/ggu8dx.

From the positivity of function f¢, and thanks to Cauchy-Schwartz and Young inequalities, one can deduce by
Gronwall Lemma that

lute |1 < C a2, [fuol | lgll2)- (29)

Similarly, if we take d,u. as a test function in (27) we get
/ |ug|2dx+u/ \V&,u8|2dx—|—/ fe(iig)Vug - Vougdx = / go,ucdx,
Q Q Q Q

. 1
by construction of fe we have that |fe| < ¢, then

_ 1 M 2
Vig V9, d<—/V f/va dx.
/Qfe(ue) Ug tUe x_Z,LLS Q‘ Me‘Jrz Q| rue|”dx
Finally, by estimate (29) one cane deduce that

||Gute||pn < C(p€; [[uol |y 1181 22),

O
We return to the proof of the theorem (2), since F(L?(0,T;L*(2)))) C W'=(0,T;H'(2)) which is com-
pact embedding in L?(0,7;L*(£2)). Then by Schauder’s fixed point theorem there exist a solution ug €
W'=(0,T;H'(8)) of problem (26) such that

/Q,ug(pdx—l—u/ Vc?,ug-V(pdx—&—/. fg(ug)Vug-V(pdx:/ godx, V¢€L2(0,T;H1(Q)). (30)
Jo Q Jo Q

Step 2: In this step we derive energy estimates on the sequence (i) independently of € in order to pass to the
limit. As ug is a solution of (30), we take ¢ = u; in (30), using the fact that f; is nonnegative, and by Gronwall’s
Lemma we have:

Hu8||]2-]1(_())gc<‘u7g7u0)a (31)

where C is a positive constant independent of €. Similarly, we take @ = d;u, in (27) we get:
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1t 172 + Ml VBt ) + /!2 felue) Vg - Voyue dr dx = /Q gonue dt dx. (32)
Maximum principle in Proposition 2 depending only to the positiveness of f¢, one can deduce

—max (|g]1=(0p)s [0|r=(a)) < ue < max (|g]1=(0p): [0lr=(a)) €" (33)

because we only need to have f is positive to apply this principle in Proposition 2. Then by using this inequality
we have

g 1
/Q fe(ue)Vug - Vouedt dx < E"f(u&‘)HL""(Q)HV”‘S|‘iZ(_Q) + C||V8,ug|\i2(9)
< O Vutg| oy + L[V rte |
= ggViellae) 12(2)

where { is a positive constant to be chosen later and M = max f (ug ) where ue satisfy inequality (33). Similarly
using Cauchy-Schwartz and Young inequalities we obtain

1 2 2
/Q gahuedidr < gelgl g + Ellamel gy

Using estimate (31) and after choosing { small enough, we deduce from (32)
|| Grue (2, )] 12 () + 1IIVOue(t, )| 20y < C(1,8,u0), for almost everywhere ¢ € (0,T),

where C is a positive constant independent of €. Consequently, the sequence (¢ )¢ is bounded in W= (0, T; H' (Q2)),
hence there exists a subsequence denoted (ug)e converges strongly to u in C°(0,T;L?(£2)) by using Aubin-
Simon Theorem [21]. Finally, as f is continuous, then we can pass to the limit in (27) to obtain for all

0 € L*(0,T;H (Q)):

/8,u(pdtdx+u/ V8,u~V(pdtdx+/f(u)Vu~V(pdtdx:/g(pdtdx. (34)
(0 0 0 Q

and u is the weak solution of system (24).
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