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MULTICOMPONENT FLOW IN A POROUS MEDIUM.
ADSORPTION AND SORET EFFECT PHENOMENA: LOCAL STUDY
AND UPSCALING PROCESS

SERGE BLANCHER!, RENE CREFF!, GERARD GAGNEUX?, BRUNO LACABANNE?,
FRANCOIS MONTEL? AND DAVID TRUJILLO?

Abstract. Our aim here is to study the thermal diffusion phenomenon in a forced convective flow. A
system of nonlinear parabolic equations governs the evolution of the mass fractions in multicomponent
mixtures. Some existence and uniqueness results are given under suitable conditions on state functions.
Then, we present a numerical scheme based on a “mixed finite element” method adapted to a finite
volume scheme, of which we give numerical analysis. In a last part, we apply an homogenization
technique to the studied equations in order to obtain an efficient modelling of Soret effect and adsorption
in a porous medium at a macroscopic scale.

Résumé. On étudie un systeme d’équations paraboliques non lindaires modélisant 1’évolution des
fractions massiques d’un fluide multiconstituant dans un écoulement convectif forcé sous I'influence d’un
gradient thermique. Des résultats d’existence et d’unicité sont donnés sous des hypotheses relatives
aux fonctions d’état des équations. On propose ensuite une méthode numérique de type “éléments
finis mixtes” aboutissant & un schéma “volumes finis” dont on effectue I’analyse et la présentation des
premiers résultats. Nous appliquons enfin une technique d’homogénéisation aux équations étudiées
dans le but d’obtenir une modélisation macroscopique fidele des phénomenes d’adsorption et d’effet
Soret en milieu poreux.
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INTRODUCTION

We present the mathematical study of a model describing the coupling between adsorption and second order
terms such as molecular diffusion and thermodiffusion occurring in a multicomponent fluid inside a capillary
column. The results of this study have a very wide application field which extends from the modelization of a
chromatographic column to an oil layer. In the example of a chromatographic column, when sorption effects
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are only considered, the system is then described by first order hyperbolic equations (¢f. particularly [17]), but
in practice, it is necessary to take into account diffusive transport and dispersive phenomena. In the case of
an oil layer, thermodiffusion and adsorption effects which are often neglected in production, are essential when
one has to describe the initial distribution of hydrocarbons at the field scale (cf. [20]). The mass conservation
equation for the k' specie, in the absence of chemical reaction, is then given by,

A (Ni + or(N)) + div(J,) =0, (1<k<n) (0.1)

where j;g is the mass flux associated with the weight fraction Ny of component k and ¢y, (.) is a function of the
vectorial variable, called “adsorption isotherm”, describing the quantity of matter present in the porous matrix
of the column. This function allows then to reduce the unknowns number since we are only interested in the
species present in the mobile phase, the fluid. The aspect of adsorption that we favor here is the thermodynamic
equilibrium, i.e. a state where component segregation between the two phases (the stationary and the mobile
one) is established and does not depend on the initial conditions. The expression of the functions family
(k) is obtained using statistical thermodynamic and does not take into account any kinetic factor (the delay
term ¢y, does not depend directly on time). Separation results thus from the coupling between forced motion
and retention, i.e. between thermodynamic and hydrodynamic phenomena. The total matter flux, sum of the
diffusive (Fick’s law), convective and thermodiffusive fluxes is finally given by

Ty = *ZijﬁNj + NiU — DgNk(Z Nj — Nk)ﬁo-

j=1 j=1

One can recognize in this formulation the diffusive term (which includes the expressions of the “cross”-diffusion
terms) to which we add two first order terms (in comparison with the unknowns), the forced convective term
(along a known velocity field U) and the thermodiffusive one or “Soret effect” term (which is mainly character-
ized by the positive coefficients (Stl) and the term “69”, representative of the internal thermal gradient). The
goal is to prove that the considered problem is a well posed one (in the Hadamard ’s sense): given a “regular
velocity” profile, we consider the following equations:

U-V0—rAI=0
s [N; + k'(N1, ... No)] + U - VN; = > Dij AN, — div(SiN:() - Nj — N;)VO) =0 (0.2)

=1 =1
(1<i<n),in aroll Q=10,T[x Q, Q C R3

associated to initial and boundary conditions in accordance with experiments, where €2 is a bounded connex
open part of R3, with a Lipschitz border I, divided according to the rule

=00 =T, Ul ul,ualy, £*—meas(T.UTL) >0,

where ', (resp. I's) denotes the inlet (resp. the outlet) section of the fluid, and T'; the watertight and adiabatic
wall of the considered domain. We add to these equations some boundary conditions of non homogeneous
Dirichlet and homogeneous Neumann conditions and an initial condition, for the complete formulation of the
problem on the parabolic border. In order to enlight the mathematical structure of the model and to keep
control of the analysis in the case of possible correction of state laws, we consider a more general formulation.
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We introduce the following system of partial derivative equations with the boundary conditions

"L OkH(N i . L
j=1 J j=1

on |0, T x Q, under the following boundary conditions:

N; - 0
N;(0,.) = NP, N;=NPdonT,UT,, — =0only, U. n=0 and 8_ =0onIy
on on

U and V0 being given steady and regular vector fields, such as:
VvV 0e(L*()3 AfeL*Q), diviU)=0, 1<i<mn,

(0.3)

where p denotes a Lipschitz function from R to R such as x(0) = 0 and (¢*) denotes a functions family from R"
to R such as o*(Ny, ..., N;i_1,0, Niy1, ..., N) = 0, extended in such a way that 0/(N) = 0 on {IN € R*, N; < 0}.

We propose here the following framework:

First, we prove the existence of a solution of the problem, by establishing a priori estimate from a linearized
problem. Then we use a fixed point method (Schauder Tychonov), usually used for the treatment of quasi-linear
parabolic conservative laws in porous media (cf. Gagneux and Madaune-Tort [14]).

Secondly, we prove that this solution verifies physical criterions in particular cases, that are useful for the
experiments such as a space dimension equal to 1 (case of the capillary tube).

Then we set up a uniqueness and a continuity dependence result for some ad hoc topologies of the solution
against the initial state and some parameters of the convective transport by considering an auxiliary prob-
lem, following the transposition method introduced by Antontsev and Domanski [4] (¢f. on this point too
Gagneux [13] or Holmgren [25], pp. 66-68).

Having proved the well-posedness of this problem, we present the numerical analysis of a computation scheme
in it’s mixed formulation.

A last part is dedicated to the application of homogenization techniques to the upscaling of equations de-
scribing thermodiffusion and effects in porous media. Two extreme situations are studied: the irreversible and
full reversible cases.

We introduce in a classic way the functional Hilbert space

V= {veH (), trace(v) =0 on ', UT,}.

The steady dynamical and thermal profiles are supposed to be given a priori, with the regularity given above. We
consider an incompressible laminar flow (we know that thermal diffusion and viscosity are altered by turbulence).

Remarks.

In the following part, bold letters will denote vectorial lengths.

The considered problem gives a non homogeneous Dirichlet condition on (I'. UT's) which is treated with the
help of the introduction of a variational vectorial inequation (cf. [7] , p. 143, [12] or [18]) relative to the closed
convex part K of (H'(2))", defined by

K= HK where K; ={ve H'(Q), vl =N/} andV =K, — K;.

i=1

One has to take care that each of K; is nonempty, which is supposed here, i.e. precisely, each function Nib is
sufficiently regular (NP°™d € H 2 (Te UTy), defined as the space of the restrictions to (I'. UT) of the functions
in H%(F) (¢f. on this point, [8], Vol. 4, Chap. VII, §2)).
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N
In order to write scalar equations under a vectorial form, we introduce the following notations: N =
Ny,
Vi
the weight fractions vector, and V. = ... the “test” functions vector, taken a priori in (V)" . We introduce
Va
the following matrixes:
B Kll(X) Kln(X) 81#
K(z1,...,xy) = , where K;;(x) = 6;; + T(X)’ for (1 < 4,5 < n) and for
Kn(xX) . Kpn(x) i

x € (RT)™, then for x € R™, after ad hoc extension (where d;; denotes the Kronecker’s symbol). The diffusive
tensor is defined by D = [Dy;], <ij<n> D;; € R. We will give assumptions easy to verify in practice that will be
sufficient for the mathematical analysis of the model.

By multiplying each equation (F;) by the correspondent component V; in V and by integrating on 2, we
obtain, with the help of Green’s formula, the vectorial variational problem, in order to define a strong solution:
Find N € (L>°(0,T; H' (Q)) N HY(Q))™, N (t,.) € K a.e.int, suchas, a.e.t € ]0,T[, VV € (L*(0,T;V))",

- (K(N)N, V) +d(N, V) + UN, V) +(N,0,V) =0
) N(0,.) = N°

where we will have first defined d, U, o et (.,.) in the following way, by using the sum convention on the repeated
suffix:

d(N,V) = DijfﬁNjﬁvi dz, U(N,V)= f/u(Ni)U~ﬁVi da
Q Q

o(N,0,V) = f/ai(N)ﬁﬁ-ﬁvi de, (K(N)&N,V)= /Kij(N)athVi dz.
Q Q

We are induced to study the existence of a strong solution of a coupled system of nonlinear parabolic evolutive
equations, with transport and nonlinear thermal convection terms and with mixed boundary conditions. One
has to prove that this formulation is a well posed one, in the Hadamard sense.

Assumption 1. The matrix R(x) and the diffusive tensor have a dominant diagonal, i.e. they verify the
“pseudo-ellipticity” conditions, independent of x:

- Ja >0, Vx € R", V¢ € R, (K(x)¢,¢) > a|¢]?,
H
3d > 0, Vx € R, V¢ € R™, (D(x)¢,¢) > d|| <)%

Assumption 2. We consider moreover that the diffusive tensor is a symmetrical one i.e.
. 2
V(Z,]) S {1,..,77,} Dij :Dﬂ

This last assumption, which is in agreement with physical experiments, is commonly adopted in the literature
(Bia and Combarnous [6]; Duvaut and Lions [12]).

First, for technical arguments, we treat the problem for the following regularity conditions:

e CHR) NWLH2(R), u(0) =0, of € CLR™) N WLHo(R™).
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Then, considering a density argument, we will be able to free ourselves from the differentiability assumption,
and to keep the only Lipschitz feature of the state function (which is closer to the reality).

1. AN EXISTENCE RESULT

In a first time and for more writing conveniences, we define the following functions family:

k aai
T

Considering a vector £ = (f1,..., f,)" taken in (Hl(Q))n and the problem (P, (f)) (with the Einstein’s con-
vention)

N
Find N € (L*(0,T; H* (2)))", such as aa_t € (L2(@)",
solution of the paralinearized Cauchy’sproblem in Q =]0,7[ x

ok (f) , = , ke ONE Y\ 08
N; N, — D;;AN; 1)U - VN; “(£)AH f)— ) — =
o+ S Lo, = DA, + (1)U TN o0+ (O ) S0
NZ(Oa):Nan

associated toboundary conditions :

JN; — 00 )
N; = Nibordonfe uly, o = OonI'y, U- n=0 and = OonT; (1<i<n)
n n

which owns a unique solution, with the help of the Lions theorem, applied to vectorial equations ([18] Chap. 3; [19]))
and under the previous assumptions, it is clear that the solution N belongs to (L*°(0,7; H* (Q)) N HY(Q))".

1.1. A priori estimates in an appropriated functional frame

Proposition 1.1. The analysis of the paralinearized problem (Puy(f)) allows to establish the following a priori
estimates:

3C1 >0, such that, V£ € (H'(Q))", IN||(poo (o711 () < Ch (1.2)
3Cy > 0, such that, V£ € (H'(Q))", 10Nl 120 712 () < Ca (1.3)

these constants depending only on N°,d,«, on the various Lipschitz constants of the state functions and on

1l gy - T2 | VO A6 2

‘(L“(Q))" ’

Proof. By multiplying each equation by 9;N; (that can be justified by replacing 9;NV; by a differential quotient)
and by summing on ¢, we obtain the inequality, after having integrated successively on Q and on [0, 7] where
T€[0,T]:

// Ki; (f)athatNidxdt—// Dy AN;9;N; dz dt <
Qx[0,T] Qx[0,T]
// dxdtJr// |o* ()0, N; AG| da dt
Qx[0,7] Qx[0,T]
/)
Qx1[0,T]

w'r(fi)VN; UO,N;

AN, o0
k) =k g, N, 2 )
wi( )&’cj O¢N 9e; dx dt
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2
;| dz |, and observing that the expression

[|N||i > ([,

defines on H! (Q)" an equivalent norm to the usual one; it comes

We denote by ||N||i = Z / v

v Q

1
2

(trace (N;))? da)]

s

/(f((x)@tN,@tN)dtza/ 0N dt,
0 0

and, by considering that the diffusive tensor is symmetrical and permanent, we can write

v Di; 2
/ /Qx[o,T]DWNj V(N dedt > §IN@IE - 3 22 INO)E (1.4)

2%

Moreover, thanks to the Young’s inequality, and for a positive constant ¢, we have,

- 5
1 (fi) < C(e)|INIl; + 3 |0:N[,
Q
/‘oi(f)atNiAG‘ dr < C') A0 + S 1N
aNk 00 2 3 2
() =— O N;—|dz < (7 N — |0:N
/uma Wi |dr < CUEINIE + SO
)
where C” (g) depends on ‘,uk|Lm(Q 9’ , and C(g) depends on HVMH(LOC(Q))TL O e iy -
Thus we obtain the inequality, for all 7 in [0 T 1,
T d
a/ AN dt+ 3 NG| < CL(NC, 6 +g/ 0,N2 di + C(e / INGs) (1.5)
0

where C(e) = C’(e, ‘u};‘Lm(Q) , ‘69‘

SRS 177 PR = T

Then we choose £ small enough and obtain the following inequality:
vr e [0,7], [N()[; < C2i(N,6) + C(Eo)/ IN(s)Il5 ds.
0

According to the Gronwall’s lemma and the remark on the norms equivalence, the element N of K remains
in a fixed bounded part of (L"O(O,T;H1 (Q)))n and a fortiori, there exists a constant Cy such that, for all
p €1, +0o0]

||N||(LZD(O,T;H1(Q)))TL S Cl-

Then we use again inequality (1.5) in order to obtain (1.3). O
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1.2. A fixed point method

The previous estimates prove that the functions set N = N(f1, fa, ..., f») remains in a fixed bounded part of
X = (L>(0,T;H (2)) N HY(Q))", independently of f, when f covers (H'(Q))".

Notations and strategy

In order to use a fixed point method, we search a Banach space with separable dual space (in order to use
Th. TI1.25’, pp. 50 of [7]). Moreover, in order to have compacity result for the weak topology, we introduce the
reflexive space for py fixed in [2, +oo[ X, = {LP(0,T;H* (Q)) N H*(Q)}" and

K = {V €X,,|VIx <C, whereC=,/C}+C3 V(0,)=N° V(t,)eK a.e.int}, the bounded part
PO

relative to the previous lemma.

From the consideration of the application &, :| X, ~— X = and from the previous calculus, one can easily
f—N
prove that the set K is stable by the application S,,. Moreover, K is a convex closed bounded nonempty set of
Xp, and thus weakly compact of X, .

Proposition 1.2. The application S, admits a fized point which is solution of the problem (0.8).

Proof. We consider the application $,, when X, is endowed with a weak topology o(Xp,, (Xp,)'), that gives
a structure of topological locally convex separated vectorial space. In order to use a “fixed point method”, one
hast just to prove that Sy, is a weakly-weakly sequentially continuous from K to K. So we consider a sequence
(f9)4en of elements from X, that weakly converges in X, to f.

The functions N? and 9;N? remaining respectively in some bounded fixed parts of (LfgD (0,T;H! (Q)))n and
of (L?(Q))™, we can extract some weakly convergent subsequences of suffix g;. Thus

XP
IN € X,,, tel que N ' N etN € K.

It remains to prove that
N =S, (£).

Now, for all ¢; € N, the linear associated problems (Piin(fq,)) are written under their variationnal formulations
by N ¢ andVV € V", a.e.int,

/Kij(qu)atN;kw dx+/DiﬁN§k YV, dx+/u'((qu)i)vﬁN§k - Udz
Q

Q Q
. 8NQk 69
+ [otmiasas s [ ()5 ) vigt as=o.
J
Q

alﬂj
Q
With the help of the compacity of the embedding from H'(Q) to L*(Q) (Rellich-Kondrachoff’s theorem)
LY—ae.inQ
L Tae b g

£,

k

and, as K is a matrix of regular functions, we have:

Li—ae.inQ
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Using Lebesgue’s dominated convergence theorem, and considering in L? (@) the product of strong and weak
convergences, we obtain:

/Kij(fq;c)atN;Lk‘/i dz ey K@J(f)athVl dx.
Q Q

We use the same argument for the other integrals with the essential fact here that the state
i

functions (u' vt etc.) are bounded and continuous. The trace application in ¢ = 0 being strongly con-
Ty

tinuous from X,, to L?(Q) and linear, it is weakly-weakly continuous and thus
N(0,.) = N°.

We obtain, passing to the limit, for all V in V" and almost everywhere on 0, 7[: N € K and

/Kij(f)é)thVi dx+/DiﬁNjﬁVi dx+/p’(fi)w6Ni-de
Q Q

Q
. ON, 00
() V;A0d E)=— | Vi=—dx =0
+ [oomanar [ (oG ) vigta
Q Q
N(0,.) = N°()
It follows that, according to the uniqueness property,
N= sZ’?o (f)

The cluster point Sy, (f) being independent of the extracted subsequence (because of the uniqueness of the
solution of the linearized parabolic problem (Pjy(f)), we deduce that the entire sequence (IN9) gen Converges
weakly in X, to N = S, (f). Then, the application 3y, is weakly-weakly sequentially continuous from /K in K,
which is weakly compact. According to the Schauder - Tychonov lemma, 3, admits a fixed point noted by N.
Hence, because for all ¢ € {1,...,n}

o (N)AG + (Mf(N)aNk> o0

T ) 7 = v (a (N)ve) ,
1 (N;)U - VN; = div(u(N;)U), car div(U) =0

which is a justification a posteriori of the formulation of the paralinearized problem, we can state:
IN € (LP(0,T; H! (Q)) N HY(Q))", N (t) € Ka.e.int, suchthat, a.a.t € [0,T], YV € (L?(0,T;V))",

(K(N)N, V) +d(N,V) +U(N,V) +o(N,6,V) =0
(P)
N(0,.) = N°.

Then, for pg taken in [2, +oo],
sZ’?o (Xpo) cXcC X;DO

n

and thus, a fortiori, all the fixed points of the application Sy, , and in this case, N remains in (L>(0, T; H! (2)))™.
O
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The result of the Proposition 1.2 holds in the following regularity frame:
p € WHT(R), o' € WhHTo(R™).

Indeed, we know that, using mollifiers, each function in W1 7°°(R) can be approached by sequence of elements
in C°(R) N WH+°(R). The result of the proposition 1.2 remaining true for this type of functions, one can
approach p (resp. (ai)) by a sequence of elements in C1(R™) N W1+ (R")) that have the same Lipschitz
module. We conclude, passing to the limit, and observing that, according to the proposition 1.1, the a priori
estimates remain true, as they can be bounded independently of the considered state functions by this way of
regularization.

2. PHYSICAL ADMISSIBILITY OF THE SOLUTION

Assumption 3. We suppose in this section that the following assumption is satisfied:

ok?
V(i )5 (21, oo i1, 0, Tiers o R,)",
(H) (Za])7 (xh y Ti—1 Ti+1 l'n)E( +) ag;j

Y(i,5), Dij = D;;0;; (diagonal diffusive tensor).

(x17 vy Ti—1, O7xi+1, vy {L‘n) = O7

Proposition 2.1. Under the previous assumption (H), the solution of the problem (P) verifies the property of
physical admissibility:

V7€ [0,T),Vi€ {1,...,n}, Ni(r,.) >0, £3— a.e.inq.

The proof is based on the fact that the space is stable by null truncature at the origin and allows the choice of
the test function V.= —-N".

n
Remark 2.1. For some less elaborated models where the sum Z Nj is taken a priori as constant, equal to Ny
j=1
(in order to fix ideas), the same method leads to the property

Vr >0, Vi€ {l,...,n}, N;(r,.) <Ny a.e.in Q.
Generally, each method developed herein holds when the Soret coefficients S} are “Soret laws” (as functions of

some weight fractions), as soon as there is a separated Lipschitz dependence on each variable N;.

In the mono-dimensional case (capillary column), the Ascoli Lemma allows to set a more precise result; this
is done in

Proposition 2.2 (Unidirectional moves, capillary tube case). When Q is a bounded part of R, i.e. =10, L[
and Te = {0}, T's = {L}, T'; = 0, we prove that
Vi e {l,...,n}, N; € C°([0,T] x [0, L]) = C°(Q). Consequently,

IM >0, Vi€ {1,...,n},V(t,z) €Q, 0< N,(t,r) < M.
Thus, the solutions are physically admissible by this property, deduced from the model.

3. UNIQUENESS AND STABILITY OF THE SOLUTION

In this part, we prove the uniqueness of the solution using a duality technique, i.e. by looking for test-functions
that allow to conclude. This technique, recently used by Diaz for Boussinesg-like problems (cf. [10] and [11]),
reduces the uniqueness question to the study of the existence of a solution to the dual problem. We detail this
transposition method here.
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Proposition 3.1. In order to prove uniqueness of the solution of the problem (P), one has to prove the existence
of a solution of a dual linear problem (P').

N N
Proof. Considering one by one each term of the equation, we denote by N = et N = two
Ny, N,
possible solutions of (P). We subtract the two equations verified by each solution to obtain:

(Ko - K(N> VisC) + (4N, Q) — d:(N,0))

K;(N
( C)) (Ui(N,H,(:) _Ui(Na9a€)> _ (3.1)

where ( is a test function of (LQ(O,T; V))n to be precised, and applications d, U, o are taken without being
summed on i. Let’s examine one to one each term of this equation, after having integrated them on [0, T:

T
Inti = / (Ri(N)athfKi(N)ath,g) dt
0

Green / |5 (N1, Np) = (N, W) | 00 davat
Q

for each function ¢ verifying ¢; (T') = 0 and because [/{i(Nl, oy Np) — k4 (Ny, -, Nn)} (0) = k(N — k(NY) = 0.
Thus,

Intzlz_ Z (Ki(N17"aNj—15Nj)"7Nn)_Ki(N17"aNj7Nj+1)"7Nn)>:|atcidxdt-
Q je{l..n}

Writing
Hi(Nl, --7Nj—17Nj; 7Nn) - Iii(Nl, --;Nj;Nj—i-h ;Nn) = (N] - NJ)I{;(t,I)

we define on the £4-measurable sets £; = {(t, x) € @ such that N; # NJ} and Q\ &,

Hi(Nl, ..,Njfl,Nj, ,Nn) — Hi(Nl, ..,Nj,NjJrl, ,Nn) on 5
J

Kilt,z) = . (N; = N;) (3.2)

K™ /. R
6$j (Nla"aNjaNjJrla"aNn) OnQ\gj

and is a bounded borelian representative (in it’s Lebesgue class) of the derivative (in the classic sense),

Ly
defined almost everywhere, of the Lipschtiz function z; — k'(...,z;,...) (Rademacher’s theorem). Thus, we
obtain the following expression for Intj:

Int] = f/ ST (N - Ny)i(t, ) |9G dadt.
Q je{l..n}
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Then, by summing the equations relative to each component, i.e. by summing on i € {1..n}, we obtain:

Int; = — / 3 <N N)) { 3 n;(t,x)atg})dzdt.

je{l.n} i€{l..n}

We use the same technique for the third and the fourth terms of the equation (3.1), having first defined the
functions

N; i
) pNi) = p(Ni) e
p(t,x) = N, — N;
N (Nz) on Q \ gj
and
O'l(Nl, N] 1 Nj, ooy Nn) — Ui(Nl, ooy Nj, Nj+17 ey Nn)
_ - on &;
Sjta) =9 o i Nj — Nj
a (Nl,..,N N+1,..,Nn) onQ\Ej
al‘j
%
w* and being, according to the same principle, some bounded borelian representatives of the derivatives

8:cj

of 1 and of ¢. Let’s have a look to the second term of the equation (3.1):

mi = Y Dy / v ( VG de

Jje{l..n} Q

- > U/N N Agld:cjt > zJ/N ~N; 8%0

je{1l..n} Q je{l.n} g5
je{l.n} Q

as soon as % = 0, because N; — Nj for 0 by definition of the problem (P). Then, we obtain, after
n |, cUr,

having summed on ¢ € {1..n} and integrated on [0, T,

Inty = — / > (N =Ny { > DijAQ}dzdt.

je{l..n} ie{l..n}

We obtain the following equation:

J(Z (v-%)[- ¥ sewnc- ¥ b

(_i_) Q je{l..n} ie{l..n} ie{l..n}
() U-VG+ Y S;(t,x)ﬁe-ﬁgi})dxdtzo

ie{l..n}
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Let us consider in the following backward problem of unknown ¢ = ({;), :

= Y (D)6~ D DiAG+pt o)UY+ > Sita)Ve- Vi =N; - N; inQ
i€{l..n} i€{l..n} i€{l..n}
!
(PN ¢ (T)=0me
I¢;

C]:() OHFQUFS, a—n

=0only (1<j<n).

O
The functions /-@ T S]i- are in L*°(Q) as soon as the state functions are Lipschitz ones against each variable,
assumption that we will consider to be true. One can easily prove with the help of a priori estimates and the
Lions theorem Lions ([7], p. 218) applied to vectorial equations that the problem (P’) admits a unique solution.
The dependence of the solution during time on the initial state or on some parameters linked to the convective
transfer is studied in the following proposition:

Proposition 3.2. The problem (P) has a unique solution. Furthermore, the (nonlinear) application which
associates N in [L*°(0,T; HY(Q)) N HY(Q)]" to N in H(Q)" is a local Lipschitz one from L*(Q)" to L*(Q)".
In the same way, the (nonlinear) application that associates N to {Si}1<i<n [resp. 69} is a local Lipschitz one
from R™ to L*(Q)" [resp. from L>(Q)" to L*(Q)"].

Proof. Taking precisely for test function ¢ the solution of the associated backward system (P’) and introducing
the equation verified by ¢ in the expression (1), we obtain immediately, according to the solutions regularity,

vt € [0,T], N(t,.) =N(t,.) £3 — a.e.inQ.

In order to prove the stability of the solution of the problem (P), let us consider N (resp. N) the solution
relative to N° (resp. N°). Then, using again the previous method and for the same choice of ¢, we get

As, a.e. in t and a.e. in Q, and for i € {1,...,n}

n

(L2(Q)" Z (Nio — ki(N%) = NP + ks (NO), Ci(O)) : ()

L2(Q)

1=

[N = N9 — (ki(NO) — ki (R0)) | < [0 - 89| + (Z |9 - 55 H o

0z

Lee ]R")) (1)

and, with the help of general results on the linear parabolic equations on the continuous dependence of the
solutions on the data (cf. Dautray and Lions [8], Vol. 8, Chap. XVIII, §.3 and 4), (here ¢ is a solution relatively
to an initial vanishing data and a sink term equal to N — N), there exists a constant C*, depending a priori
on 2, T, U, 0, and on the state functions, such that:

( % x)

€@z < Klonoyzz@m < €| (L2(Q)"
Thus, according to (*), (%), and (x* %) and due to the Cauchy-Schwarz inequality, there exists a constant
C' (which depends mainly on the Lipschitz constant C* and on the Lipschitz modules of the partial functions
xzj — ki(...,xj,...)), such as
8] o
(2N

L2(Q)n ’

The other properties are obtained with the same transposition method. [l
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4. A NUMERICAL SCHEME

In the following part, n. will denote the number of unknowns (i.e. the number of components in the fluid)
in order to avoid any confusion between this one and the time discretization suffix.

We present here a numerical scheme based on a mixed formulation [22,23] of the problem for which we give
numerical analysis.

First, we describe briefly the adopted mesh and present the different spaces and notations used in the analysis.
Then we prove the results on the approximation error made in the stationary problem. Finally we study the
evolutive problem for which we demonstrate existence and uniqueness of a solution and present convergence
and consistence results for the numerical scheme.

The main difficulty in this numerical study remains in the verification of three Inf-Sup conditions associated
with the used mixed formulation. The choice of the discretization spaces likely to verify these conditions must
be done with caution. Moreover, we treat a system and no more a scalar equation. We will see that under ad
hoc assumptions on diffusive and adsorption tensors (which are close to the reality), it is possible to prove the
method’s convergence. Finally, we link the proposed discretization with the finite volumes method.

Remark 4.1. Here is detailed the numerical analysis of a scheme in the case of low Peclet numbers (situation
where the diffusive phenomena dominate the convection, which is true for viscous fluids submitted to natural
convection in deposits).

In a first time, we are interested in the following problem:
—div (D(VN)") + KN = f (N) A6
which is rewritten, Vi € {1..n.},

- > DuANi+ > KiN;=fi(N,z).

1<i<nc 1<j<nc
- = ~ T
We define then p = D (gradN) . An equivalent problem is given by, Vi € {1..n.},
—div(p))+ Y KijN; = f; (N,z)
1<j<ne.

4.1. Notations

We modelize the medium by a planar rectangular column, and construct a regular rectangular mesh.
Let us introduce the following spaces:
. 2
Wi = (H(div,Q))", Wa = ((LQ(Q)) ), My = (H(l)(Q))ncv My = L2(Q)
endowed with their usual norms, to which we associate the discrete spaces

Win C Wy, Wap, C Wa, Myp C My, Moy C M.

Then, we define the spaces

o Py(K) the space of constant functions on K

e P; o(K) the space of linear functions (against the first space variable) on K

e Py 1(K) the space of linear functions (against the second space variable) on K
e (1(K) the space of linear functions (against each space variable) on K.
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FIGURE 1. Visualization of the different meshes.

We will denote by (Pp,) (resp. (Up)n) the family of triangulations associated with Wy, (resp. Mip). Then,
we construct the meshes Q15 (resp. Qan) by joining the middles of the horizontal (resp. vertical) faces of Pj,.
Then, we denote by K a mesh of P,, K* an element of U and K* an element of Qr = Q1n U Qap. These
different meshes are illustrated in Figure 1.

Then, we can give the exact definition of the approximation spaces

My, = {ul € (HY(Q)"s VK* € Uyl € Q1K)
Moy, = {uh S LQ(Q), VK € Py, ubl | S ]D()(K)}

Wiy = {p" € Wi, VK € Py, p}|,. € Pro(K) x Po1(K)}
Wap = Vect{em, Kt e Q}l}"c.

It is possible to define the following applications:

Vg € (L2()?)", pi € H(div, )", v € L*(Q),N € (H; ()",

mi(ﬁvé):/ﬂﬁidid:c o d'(v,N)=— > KZ]/Nvd:c

1<j<n,

- > DW/VNjwjid:c

1<j<n,

o bi(v,p) = /vdiv(p])dx

o [i(v / fivdx

with £ = (fi)ic{1..n.} being a function of L?(Q)".
We associate to this problem the following mixed primal dual formulation:

Vi € {1.n.},find (p;, N;) € H (div, Q) x H} () solution of

Vg € (L2(Q)?)", m'(p,q) +a'(N,q) =0
Vo € L?(Q), b(v,p) + d*(v,N) = I*(v)

We introduce the operators R and R* to which we give the expression on Wy and My,

VP € Win, R(p") € Wy, and R(p") = Z (" exs) I,y excs
KteQy

where T'x; is the edge of an element K of Py included in K* of Q,

vul e Mlh,R*(uh) € Wy, and R*(uh) = Z (@uh ~€Ku) IUKueKu
KteQp
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where oy is the edge of an element K* of U, included in K* of Q. Then, we introduce the numerical
approximation spaces, defined for all i € {1..n.}

mi (P, ) = / R(p;)Gidxr and dj (v,N) Z K”/ Iy, (N;) v de.
Q 1<j<ne.
and the spaces W), and W3, defined by
W, = {p" € Win, V" € Map, b'(0",p") =0}
Wy, = {q" € Wan, Vp" € W), mj, (5", ") = 0}.
Consequently, we consider the following discrete problem

Flnd( ph Nh) € Whp X Myy, such that
(Ph) va; € Wop, mj, (5", ") + a'(N",§") = 0

Vi € {l.n.}, ) ) )
{ } { V’Uh c M2h; bl(Uh,ﬁh) +d;l(’Uh,Nh) — ll(’Uh).

We give here two lemmas based on elementary calculus.

Lemma 4.1.

Vi € {l.nc}, VNI € My, [N — o (N]) [lo,0 < Cih||N/ |10

Lemma 4.2.

Vi € {l.nc}, VN € Mip, |N!o,0 < CF[Hon (M) [lo.0

4.2. Results on the approximation error

Let us consider the following non-homogeneous permanent problem:

(p",N") € Wi, x My,
(Py) Vq" € Wan,mj, (9", ") + o’ (N, q") = L'(q")

Vi € {1.n.}, _ )
{Lne} { Vol € Moy, bi(vh, ph) = IF(v").

where L’ is defined by: ¢" € Way, — Li(G") = / G- G"dz, g being an element of L?(Q)™.
Q

As the Nicolaides theory shows [21], generalizing the Babuska-Brezzi theory, the study of such a system is
based on the modification of three Inf-Sup conditions, given by

i (~h ~h
inf  sup 7@2@ ’?h) > a3 >0 (4.1)
PrEWY, GheWs,, 1P - llg" |
i(Nh (jh) .
inf su 7’~ as >0 4.2
N eM,), hevgo INBL- ([ g™ ? 2
bi h =h .
inf sup (v2, ") > a3>0. (4.3)

IR el

vl € Map, PhEW,
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The discretization spaces given previously are constructed in such a way that these three conditions are proved.
For more details on the verification of these Inf-Sup conditions, one can refer to works of Thomas and Trujillo [26].
Then we prove the following result:

Lemma 4.3. The solution (p",N") of the problem (P{) verifies:
3C > 0, independent of h, such that

15" | r(aiv,yme + IN"|(1,0)me < CLIIS]

0.2 + llgllo.a}-

Proof. The demonstration of this lemma is based on the consideration of particular test-functions " = R*(N")
and v = Iy ,(N}*) in the formulation of the problem (Pf). Then, we have

mp (B, B*(N")) + o' (N", R*(N")) + b'(Io,, N}", ) = L'(R*(N")) + ' (To 1 N}").

The discrete Green’s formula assures that
m;z(ﬁa R* (Nh)) = _bi(HO,hNih7ﬁ)'

Thus, summing on ¢ € {1..n.}, we obtain

Y d(NMRI(NM)) = Y (L(RY(NM) + (o nNY)) -

i€{l.n.} i€{l.n.}

A Cauchy-Schwarz and Poincaré inequalities and the condition (4.1) allow to conclude that there exists a
constant C' > 0 such that

Vi€ {l.nc}, [N['|lo < C{f|

0.2+ llgllo.a}-

We prove in a same way that taking for test-function ¢" = R(p") in the first equation of (P), we obtain
my, (6", R(E")) + ' (N", R(p")) = 0;
with the previous result, we deduce that

Vie {l.n.}, |p}

0.0 < C{|f]

0.2+ llglloa}-

And, finally, taking for test-function v = div(p?) in the second equation of (P?), we have, using the lemma 4.1,

Vi€ {L.nc}, [ldiv(p!)o.e < C{lfllo.q + gl

0.0}

that allows to conclude. O

We are able to prove the result on approximation error given by the following theorem.

Theorem 4.1. Denoting (N,p) the solution of problem (P). If (N,p) € (H?(2) x (H*(Q))?)" and div(p) €
(HY(Q))"e, then, 3C > 0 independent of h, such that,

15 — 7" | aiv.yne + IN = N1 g)ne < CR{|div(p)|(1,0)me + [Bl(1,0)m + [N]l2,0)me }-
Proof. We consider 7 and m" two elements of Wi, and Mi,. We have, Vg € Wap,

my (p" — 7, q") + a'(N" —m", ") = m'(p — #",¢") + ' (N — m", §") + m}, 7", §") — m' (7", ¢").
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In a same way, Yo" € Moy,
bi(o" ph — ) 4+ di (NP —m", o) = b (0", p — #) — di (m", 0") + dF (N, ™).
Thus, with lemma 4.3, we get, summing on %,

13" = 7l rr(aiv,me + IN® = m" 1 gpne < OLI5~ 7|0, 0)ne + N = m"[(1,0)nc
+ |R(") = 7| 0,0yne + Idiv(B — )| 0,0y
+ [N — Tlo s (m")[| 0,0 }-

We easily deduce the result, using Lemma 4.1 and some triangular inequalities. [l

4.3. Study of the evolutive problem

In this part we study the initial evolutive problem. However, we place ourselves in the framework of the
remark 4.1. This assumption, made to simplify the study, is justified in any situation where the mixture is
highly diluted, i.e. each specie is low concentrated (so that it gives strong concentration gradients). In order

T
to do a time discretization of the system, for a fixed time step At = N we state t, = nAt and we note

N;(nAt,x) = N; n(x), pi(nAt,x) = p;n(x). Let us introduce the problem defined by the following variational

formulation
Find (p%, ,N"_ ) € Wi, x My,
(Py) vq" € Wop,mj, (B 11,G") +a' (N1, ") = 0
Vo € Mop, b'(o",phy) + azd (V" Nl = N =107 (u").

Vi€ {l.n.}, {

Theorem 4.2. The problem (Pp) admits a unique solution.

Proof. The proof of this theorem is essentially based on the fact that dim(Wip) + dim(Mi) = dim(Way,) +
dim (M3 ) which leads the study of the existence of a solution to the question of the uniqueness. Moreover, one
has to consider the Nicolaides theory (cf. [21]), and particularly one of the three “Inf-Sup” conditions given by
the existence of a real constant o, verifying

) ai Nh (jh )
inf sup % > ay > 0.
i P, TN ]

The proof of a such condition is based on the essential assumption of pseudo-ellipticity of the tensors D and K,
given by the the Hypothesis 1.(H). So, we consider the homogeneous problem of which we want to prove that
its solution is zero. Taking the following test-functions,

@' = R*(N}") and v" =TIy, (N}"),
we obtain, summing the equations of (Py)
mt D, R* N + at Nh,R* N
i P RNY) (N RN
+0' (To,n(N]), ") + dj, (Lo n (N]'), N") = 0.
Then we use a discrete Green’s formula that we prove with a direct calculus element by element and which is

given by

mp, (B, R*(N")) = =b'(To,n (N]'), 5"),
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and thus, summing on each component

S @ (NYRI(N")+ > dj (Ton(N]),N") = 0.

1<i<n, 1<i<n,

As

we have, using Assumption 1.(H),

> dy (Mo n(N]),N") > [T (N") |3, ) > 0

1<i<n,
and thus

ai(Nh,R*(Nh)) S 0,

1<i<nc
and, always with the help of direct consequences of 1.(H),
|]Vih|1,Q =0, Vie {l.n}- O

4.4. Schema’s consistence

In this study, we first define the equivalent of a projection of the exact solution on the discrete space
Win % Myp. Thus, we get at each time ¢,, the couple (®p”, 9 N") using the following permanent problem

Find (®p", N~) € Wy, x My
th S WQh; mz(@ﬁﬁ, qh) + GZ(Q/JNZ, qh) =0 (44)
Vol € My, bi(v", ®pl) = b'(v",ph).

This problem has already been studied in the previous paragraph; considering that
|@Pin — Dinll (aiv.) + [[¥Nin — Ninll < Ch,

it remains to study the error between (®p”,IN") and (", N”). We state then, Vn =1,..., N

7

er =¢YN;, — Ni}fn and e" = (e}'), .

7

{ EP = ®p;, — !, and E" = (E}),
Thus, we can write, Vg, € Way,
m;'l(En—i-l,qh) 4 ai(en—i-l,qh) —0.

Moreover,

. 1 . X ) 1 .
bz(vh’EnJrl) + A_t z(vh’enJrl _ en) _ lz,n(vh) 4 bz(vh’ q)ﬁn) + A—tdﬁl(vhﬂ/anﬂ o wNn)
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Then, with the initial problem (4.4), we obtain

1
At

1
At
dj, (0" N1 — YN) — d* (" 9Ny — PN,

bi(vh, E" T + d%(vh, et —e") = fdi(vh, 0N, +
1

At

d (0", N1 — PN,)

Considering the solution N as being enough regular, we state the following estimate

< C(AL+ ).
0,Q

1
> KudNin— 7 > Ka(@Nini1 —¥Niy)

1<i<n, 1<i<n,

We use the lemma 4.1 to deduce the inequality

h
<O D KalloNinst = ¢Niallog -
0,Q 1<i<n.

Z Kyllo h (Y Nint1 — YNin) — (WNp g1 — UNL)

1<i<n,

1
At
and so, for a sufficiently regular solution, we prove the existence of a constant C' > 0, such that,

> Kallon(¥Ninga — Nim) — (W Npps — N1 )

1<i<n,

< C.h.

E
At 0,0

Then, we state

1
e? = Z KilatNi,n - E Z Kil(le,n-i-l - le7n)
1<i<n, 1<i<n,

1

Y

> Ki[Mon(¥Nins1 = ¥Niw) = (WNpng1 — N

1<i<n.
According to the previous results, we conclude that
Vi € {l.nc}, 3C; > 0, suchthat |[€}'[|, o < Ci(At + h).

4.5. Convergence of the numerical scheme

As mentioned above, we proved that

V1 < i < ne, V§" € Wan, mj,(R(E™),¢") + a'(e"*!,§") =0, (4.5)
V1 <i < ne, Yol € Moy, b (0™, E™) + A—tdz(vh,e’”rl —e") = / emvh da. (4.6)
Q

We are now able to prove the following convergence result:

Theorem 4.3. For a “regular enough” solution N = (N;)1<i<n.,

Vi € {1.n.}, 3C; > 0, suchthat max|N!, — N; .| < Ci(At + h).
' :

Proof. In (4.5) and (4.6) we chose the following test-functions

oh =Myl —ef), ¢ =R(e]T —el).
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Then we have,

Mo (el —e) da.

K2 )

. 1 .
B = e B+ pdi(Ton(el et e =
Q

We use the Green’s formula to state
V(e — e, E") = ml(R(E"),R* ("™ —e"))

= Vel . R* (Mt —el) dx

7 7

2

and thus

L
At

/QW? R (ef T el )da + —dj, (o (e ™ —ef) et —e) = /QE?Ho,h(e?H —¢)d.

We sum over each component in order to use the coercivity assumption on the adsorption tensor to deduce the
inequality

Z /Q@e? SR (el —eM)dx + Ait | o, (€™ — e”)”;Q < Z /Q i o (el ™ — ef)| da.

1<i<n, 1<i<n,

Then, considering the definition of the norm |.| and the Young’s inequality, we obtain

o 2 At
ST [ert = (e — et —enf?] + ~ [Tos (e — e, < = S llerE o
1<i<ne 1<i<ne

Now, obviously,

Cl,‘ 2
301 > 0, suchthat el — el < h—; H(ef-”'1 - e?)”mr

Then, for specific values of the time step At given by

(where the constants (C}) are given by the Lemma 4.2), we obtain the following inequality

At
> [Pl < X0 lellie
1<i<n, 1<i<n,

and thus, summing over the time iterations, we have, Vi € {1..n.}

ler | < Ci (At +h). O
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5. AN UPSCALING METHOD

We describe here the results obtained with the application of homogenization methods to the equations
treated in the previous parts. We try to determine their limit state in order to obtain an accurate modelization
of thermodiffusion phenomena in porous media, of which the macroscopic description is still unsufficiently
known.

We consider a nonempty bounded open part € of R? which boundary is regular, and we denote by Y = [0, 1[?
the semi-open unity cube of R3. This cell is divided in two parts, the solid part Y and the free medium Yy
such that Yy N Int(Y) is an open part.

We introduce then the medium’s porosity ¢ , defined by

L3 —meas(Y\Y,)  meas(Yy)
¢= £3 —meas(Y)  meas(Y) (5.1)

Let us state € a nonnegative real. We can divide R™ in a free part and the substrate in the following manner

Er=|J(z+Yy), Es= |J (z+Ya). (5.2)
ZEL™ ZEL™

It remains to define the fluid flow domain with the expression
Qe =QNeky

and the part

C.=1Int U e(z+Y)
e(z+Y)CQ

Then we introduce the following notations
0f.=C.neBy Q2 =0\Q9 .

We classically use the following assumptions on Y, Y}, Y,, E¢, Es and their boundaries, these assumptions
having already been introduced in [2] and [5]. We assume particularly that this partition is a real one, i.e.

min (meas(Yy), meas(Yy)) > 0,

and that the set Yy Nint(Y) is an open and connected part* with a Lipschitz boundary. We introduce different
notations relative to the functions used in the analysis. We define the notion of extension or again the mean
notion. In the following part, for all function f defined on €., we denote by f its extension by zero on 2, out
of Q.. In the same way, for all function f of L'(£2) where  is an open part of R we denote by f its mean
over this open part, i.e. the real value

as a rule, the suffix § will denote a periodic function. So, f € Lg(Y) is equivalent to f € L?(Y) and f is
an Y-periodic function. In the following part, the function xq, . refers to characteristic function of the fluid

*In [2], the author gives geometrical representations of situations where these assumptions are not verified, and an illustration
of the connectivity notion.
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medium, i.e. the function defined by

1ifzxe Qf,
vz €, XQf'E(Z) - { 0 elsevvhere.8

5.1. From Navier-Stokes to linear Darcy

The treatment of flow equations has been made using asymptotic developments and will not be detailed here.
We used the technique introduced by Diaz in [9], which is based on the particular choice of coefficients in the
asymptotic development of the velocity, which allows to obtain the rigorous proof of the transition from the
evolutive Navier-Stokes equation to the Darcy’s equation. This mathematical transition from a phenomenologi-
cal law to an empiric one has been studied a lot. A rigorous demonstration of the homogenization of permanent
Navier-Stokes equation has been done by Tartar in [24], while the homogenization of “Stokes type” equations
has been studied by Antontsev et al. in [5].

5.2. Homogenization of the heat transfer

We consider the energy equation in the permanent state, with some boundary conditions at the free media-
porous media interface, the temperature and the fluxes continuity, associated to respective thermal diffusivities.

{ kfAO+U-VO =0 in the free medium, (5:3)

ksAf =0 in the porous structure.

This equation is different from the two others in the sense that the thermal field is defined everywhere on the
domain and it is not necessary to introduce extensions by zero. The variational formulation associated to this
problem is the following one:

0 Vo € HH(Q), //@(E)VHE-Vvdx—i-/XQ 0-Uc - Vodz =0
(Ee) 9| [¢) 9 Q fs
clog =g

where g is a function in Hz(89) and & the function defined by

K() = KfX(Y\Ys)+KsX(}/s)
= ’ifX(Yf)+’isX(Ys)a

with xy and ks the thermal diffusivities of the solid and the fluid media.

Our aim here is to use a process of two scale convergence, in order to dispose of a strong enough convergence
on the temperature to introduce it in the mass conservation equation and to conclude. We distinguish in
the following argumentation four main parts; first, we deduce with a priori estimates a result of two scale
convergence for the unknown 6. (Th. 5.1). Secondly, we multiply the micro state equation by appropriated
test-functions in order to obtain a variational formulation at the limit state. An integration part by part allows
then to determine the macroscopic problem. A last step consists in eliminating local variables in the macroscopic
problem by decoupling this one from a problem posed on an elementary cell (Th. 5.2).

We recall in a first time the following result:

Theorem 5.1. The generalized sequences (6:)c and (VOe). two-scale converge respectively to elements 6*(x) of
HY(Q) and (V0" + V,&(x,y)) of H'(Q) x L2[Q; H} (Y)\R].
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The proof of this theorem has already been done in the case of perforated media by Allaire in [1]. Now, we
are able to determine the homogenized problem verified by the limit state 68*:

Theorem 5.2. 0* is the unique solution in H(Q) of the following homogenized problem

Yo € H(Q), /ixve*-vudx+/¢e*U-vudx:0
Q Q

(E”) (5.5)
0*lon =g
where A is the elliptical tensor given by
Moo= [ (V004 a) didy
Y
= / kf(Vyor + &) - e dy +/ ts(Vyor + €x) - € dy (5.6)
Yf s
and (o) is a family of solutions of the following problem
o € H’il (Y)
divy(/@f[vydk + gk]) =0inYy
(Bler) (5.7)

divy(ns[vyak + ék]) =0inY;
[kf(Vyor + €k) — ks(Vyor + €x)] - i = 00ondY;\0Y.

Proof. We rewrite the energy equation in free medium (5.3) and multiplying this one by the test function
Y(x) + ¢1 (2, y) where ¢ € D(Q) and 11 € D[Q;C3°(Y)], we obtain, with a Green’s formula,

— [ [ <96V e Dydedy — [ [ xa, 00 Vwta) + o, D) dedy
//fs 2) + e (@, 2)) d dy.

Noticing that

V(?/}(’I’) + 61/}1 (l‘, y)) = Vaﬂ/)(m) + Vzﬂ/’l (1'7 y) + Evzwl (l‘, y)a
we obtain, passing to the limit when ¢ — 0,
= [ [ 50 96" + 9, €la )] - [V20@) + o)l dadly
- [ [ xo,00 0 (9200 + Vel dedy = [ [ oty

for all (¥,41) € D(Q) x D[;C2°(Y)] and thus, by density, for all (1, ¢1) € Hy(Q) x L*[Q; H} (Y)/R]. We will
first have defined the function f = div(k(z)Vg + ¢ng gU). The problem can then be interpreted by

divy (k(y)(V8* + V€(z,y))) =0in @ x Y

div, (/ k(y)(VO* + V,&(z,y))dy + XQf¢9*U> =0inQxY
Y
0*loa = g
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This problem having a unique solution (the proof of this result is obvious as soon as one has observed that
V20" + Vi€l L2(axy)n is a norm for the space Hg(Q) x L*[Q; H{ (Y)\R]), we can conclude that the entire
sequence (0;) (resp. V0.) converges to 6*(z) (resp. (VO*(z) + V,&(x,y)). The first equation represents a local
problem (on an elementary cell) allowing to determine the function . The second one is the homogenized
energy equation. In order to have a better characterization of the homogenized problem, one can eliminate the
local variable y from this formulation. This is done in the sequel of this proof.

Let us consider the solutions o (z,y) of the problem (EY,)), and the function £(z,y) defined by the relation

) = 3 gonlay). 53)
k=1

A simple calculus allows to verify that this function is a solution of the equation on the elementary cell. It
remains now to determine the macroscopic form of the equation

div, (/ k(Y)(VO* + V &(z,y))dy + XQf¢9*U) =0in QxY.
%
Considering (5.8), we easily establish that

\ N B}
[ e+ 9utteidn = 3 5 ([ w0+ Tarnte ). 59)

Having defined the tensor A by
A = / k(y) ek + Vyor(z,y)] - € dy,
Y
it comes, with the help of Green’s formula,

Vv € H§(Q), /]\V@*-Vvdx—l—/qu*U-Vvdxzo
Q Q
0*[on = g.

(E”)

The homogenized problem has been entirely determined. We remark that it is a problem very similar to the
one posed in a free medium. The study of such a problem is not necessary as soon as the tensor introduced has
properties (symmetry, pseudo-ellipticity) that allow to conclude immediately, using the study made in the first
part, about existence and uniqueness of a solution. ([l

The complete determination of the thermal field in the porous medium wvia the homogenized equation requires
the resolution of the problem (E? ;) and the knowledge of the functions (o}) and more precisely the estimation
of energies relative to these functions (the term Ay;), less expensive in terms of calculus.

Remark 5.1. In the case of constant thermal diffusivities in free and porous media, the problem (Eceell) is
equivalent to

ok € Hul (Y)

AyO'k =0 iIlYf, AyO'k =0 iIlYS,

[k (Vyor + &) — ks(Vyor + €x)] - T = 00n0Y,\0Y.
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5.3. Soret effect equations

In this part, we are interested in the homogenization of mass conservation equations of each component of
the mixture. The sorption effects are not considered here as they will be treated in a next part. This model
is mainly different from the energy one as the quantities N; . are defined on a domain €, ; depending on the
parameter €. This difficulty is overcame by introducing an extension operator.

We consider the convecto-diffusive equations with Soret effect in Q.

n
Vie{l.n}, Nic+ U VNic =Y DijAN; . — Sidiv(N; (1 = N;)V6:) =0 (5.10)

j=1
associated to initial and boundary conditions

" ON; . 0
§ D, —2° N, (1= N; . )—= =
= ] an + St 2 ( 5 ) an 0

Niye(l‘,O) = NZO

The variational formulation associated to this problem is the following one:

/ XnyaatNi,a/U dZC +/ XQf’EN'L,aUE . V’U dx
2 Q

, 5.11
fZDij/ xe,.VNj. Vvdz — / xa,.. SiN; (1 — N; .)V0. - Vvdz = 0 (5:11)
X O Q
J

5.3.1. Behaviour of ]\_fiﬁ

We have seen in the part relative to the mathematical analysis of Soret effect equations (¢f. Prop. 1.1) that
the unknowns N; . are bounded in H'(Q.), independently of . The method consists in searching an extension
operator on H*(Q) for the unknowns that allows to conserve such a property. Thus, we introduce the extension
operator P.

b HYQ) — H'@
e N'L’,a ’—)Pa(Ni,a) = N,

s

which is continue, with a continuity constant C, independent of €. This operator, already introduced by Diaz
in [9] allows to conserve a priori estimates, independently of . As a direct consequence, we have

[Nielh. < CpllNielhq. < C (5.12)

C’ being independent of e. Since () is a bounded lipschitzian part, we can apply the Rellich Kondrachoff theorem
(cf. [18] or again [19])which ensure us of the compacity of H!(Q) in L?(Q). The inequality (5.12) allows to prove
the existence of an extracted subsequence of N; . that converges weakly in H'(Q). The injection of H*(Q) in
L?(Q) being compact, there exists an extracted subsequence -again denoted by (N; .)- which converges strongly
in L?(Q) and almost everywhere in Q to a limit N;.

Then we have the following convergence results:

Xop. —  ¢xo in L™ weakly — * ( )
Vh. — V0 in (L*(Q))® weakly (5.14)
Nie — N;in HY(Q) weakly (5.15)
N;e — N;in L*(Q) and a.e. in Q. (5.16)



506 S. BLANCHER ET AL.

In the sequel, we detail the passing to the limits in each term of the equation.

Theorem 5.3. The sequence N; . converges to the solution of a problem associated with the variationnal for-
mulation

/¢8tNivdx+/¢NiU~Vvdx
Q Q

- - (5.17)
— ZDU/ |:TVNJi| -Vudx — / Nz(l — Nz)[&VH*] -Vodx =0
y Q Q
where Y; and 3; are the tensors defined by
S = Si(Vu (5.18)
Si
= — "t 78 °1) d 5.19
L3 —meas(Y) /Yf (Vywi ) (Ve 1 €0) dy (5:19)
with (wk)k=1,2 s a family of functions, solutions of problems on the elementary cell Y
wi € Hﬁl (Y)
—divy(Vywk +éx)=0 inYy (5.20)

(Vywk + 5]@) =0 Onan\aY.

Proof. The proof of the convergence of diffusive and convective terms is similar to the one done for the energy
equation problem. We treat now the passing to the limit in the nonlinear term of Soret effect / XQ. SZNm-(l —
Q
N, )V, - Vudz. With this aim in view, we use the convergence results given in (5.13) and (5.14) which allow
to establish that
xa. V0. — TVO* in (L*(0))? weakly , (5.21)

the tensor Y being calculable with auxiliary functions constructed on Y;. Then we use the convergence re-
sult (5.16) in order to prove the existence of a subsequence (again denoted by N, ;) that converges strongly in
L?(Q) to a limit N;. So the sequence N, ;(1— N, ;)Vov converges strongly to a limit N;(1 — N;)Vv in (L?(Q))3,
and then

liH(l) X0 SiNe (1 — N.;)V0, - Vodr = / Ni(1— Ny)[2;V6*] - Vo dz (5.22)
E— Q Q
% being the tensor defined by ¥ = SiT. O

Remark 5.2. The tensor T can also be rewritten, using problems (5.20) as follows:

1 &uk
T —— —d Ys)é
M L3 — meas(Y') {/Yf oyl y+ mes(¥y) kl}

! G g
L3 —meas(Y) Jy, oy v

= Qo+ (5.23)

We recognize a formulation similar to the one of A in (5.6), having on the diagonal the porosity (modulo the
diffusive coeflicients). The symmetry of the tensor T is no more obvious, but implicitly given by elementary
problems.
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Remark 5.3. One can notice the importance in this process of the existence of the operator P.. The fact that
the continuity constant Ci, of P, does not depend on ¢ is of capital importance in the proof. The main difficulty
in the proof of the convergence remains in the fact that quantities N, . are defined on a part €). ¢; as Allaire
recalls in [1], two methods can be used to overcome this problem. Other techniques can be used, as the proof
of the compacity of the injection of H(Q, ;) in L?*(Q,s), which is uniform in e (this is an adapted version of
Rellich theorem to the perforated media).

5.4. Upscaling in sorption effects

We are now interested in the contamination of aquifer layers by adsorption of pollutant. The modelization of
such phenomena requires the knowledge of adsorption isotherms of each specie (function linking the adsorbed
concentration by surface unity to the free one). These isotherms can be represented by simple functions which
main parameters are temperature and the nature of the solid. We consider the adsorption in a general way and
perform the analysis for two extreme cases: the irreversible case (the solid fixes definitively the pollutant) and
the reversible one (all the matter adsorbed is rejected in the fluid phase). The application of homogenization
processes to such phenomena has been already done by Hornung in [15] or Hornung and Jéger in [16], but the
proof of the convergence had not been established.

5.4.1. Statement of the problem

In this part, we are interested in adsorption phenomena occurring on the porous surface. The repartition of
the species into the fluid is modelized by a classic “convecto-diffusive” equation

O¢Ne + div(N. U, — DVN,) =0 in Qy.. (5.24)
The adsorption effects are translated by a boundary condition on the fluid-solid interface of the type

ON, T
—D—— =eA(—)p(N, r 5.25
L —AE)p(N.) on T (5.25)
where A is an element of L3°(I") and D the diffusion coefficient of the component in the fluid. The initial and
the complete boundary conditions remain similar to the ones considered in the first part. Thus, with a Green’s
formula, and for a test function v “regular enough” defined on @), we obtain the variational formulation

ON,
Oy N.vdx + N.U.-Vvdx+ D VN, -Vovdx — D/ v=—=do. =0 a.e.int. (5.26)
Qe Qe Q. r. On

Then we use the inequality (5.25) in order to obtain the formulation with a sink term

O:N.vdx + N.U, -Vvdz + D VN, -Vvdx = —¢ )\(E)@(Na)v do. (5.27)
waf Qf,s Qf,s e €

for “regular enough” functions v defined on Q. One can easily verify that the problem composed of equa-
tions (5.27) and (5.25) admits a unique solution (evolutive parabolic problem with a non linear sink term).

5.4.2. Irreversible case: The Langmuir isotherm

We are interested here in the case of full irreversible adsorption, given by the Langmuir’s model, one of the
most classically used isotherm. The flux at the interface is then described by

+
p:reER — o(r) = (1 Jo:rﬂr — Nsat) . (5.28)

Ngat being a saturation value.
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Proposition 5.1. We have the following estimates:

aC > 0, HNE”Hl(QE) < (529)
3¢z > 0, le(Ne)llm1 (@, < Co. (5.30)

The function ¢ being lipschitzian and vanishing at r» = 0, with a Lipschitz constant Lip(p), we get that o(Ve)
is bounded in H'(Q.) and

[Nl (@.) < Lip(@)INell i (q.)- (5.31)

Proposition 5.2 (Langmuir’s isotherm). The generalized sequence (N¢)e converges to an element N, solution
of the equation

PO N + div <¢NU - DTVN) + [ /F A(y) do(y)} o(N) =0 in Q. (5.32)

Proof. Considering the variational formulation verified by N., and integrating the inequality (5.27) on [0, T,
we have

T T
/ Oi:Novdxdt + / N.U, - Vodx dt
0 nys 0 Qf,e
T T "
+ D/ VN, -Vuvdzdt = —5/ A(=)e(N:)vdo, dt.
0 JOos. oJr. €

The convergence of convective, diffusive and evolutive terms has already been proved in the previous parts. In a
first time we use a suitable extension N, of the unknowns V. in order to obtain a constant C' > 0, independent
of €, such that

1Nl (@) < C Vel .- (5.33)

x
The tricky point consists in passing to the limit in the term 5/ A(=)p(N:)vdo.. With this aim in view, we
€

use results of two scale convergence for the expressions on the boundaries. These results, introduced by Allaire,
Damlamian and Hornung in [3], are the generalization to the boundaries of the two scale convergence notion
introduced in [2] and have been applied to diffusive equations with Fourier type boundary conditions. In the
following, we will denote by

2—scale

Ue —+- (')
this type of convergence.

The adaptation of this notion to our model do not give any difficulty with the help of the proposition (5.1).
Thus, taking for test function v = ¢(N,) in the variational formulation (5.27), we easily obtain the inequality

5/0 /FE |)\(E)<p(:c)|2d0€(x) <C. (5.34)

Therefore, as mentioned in [3], there exists a function ¢(z,y) € L?(Q; L*(T)) such that

2—scale

e B . (5.35)
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We have the following convergence properties:
T x x "0
5' / NNt 2, 5 dos () e 7= / Q/ AW)e(N)6(t, 7, y)do(y) dz dt (5.36)
0 JI' I

for each continuous function ¢(z,y) € C[Q;Cy(Y)]. Moreover, with the compacity of the injection from H'(Q)
in L2(Q), it comes

N. — N in H(Q) weakly
N., — N in L*(Q) strongly.

Then we have
©(N./) — p(N) in L*(Q) strongly. (5.37)

O

Remark 5.4. In the case of a constant exchange coefficient A(.), the expression of the nonlinear sink term
introduced in the macroscopic conservative equation (5.32) becomes

+
~ X meas(T')y <% . Nsat> . (5.38)

The previous proof remains true for all lischitzian function ¢, which is nondecreasing and which vanishes at
0, that allows to consider a wide set of natural behaviours. In the next section, we present another type of
behaviour which corresponds to the case of reversible adsorption.

5.4.3. The reversible case: The Freundlich isotherm

We consider here the reversible case which can be modelized by the Freundlich isotherm. This isotherm
corresponds to the the function

p:reER — pr)=r"P (0<p<1) (5.39)
which is translated by a condition on the fluid-solid interface

B ON.
on

= eA\|N: — Neat|P"H (N — Neat) on T.. (5.40)
Proposition 5.3 (Freundlich isotherm). The macroscopic conservative equation is the following one:
60, N + div (¢NU _ DTVN) = —Ameas(D)|N — Nuw|P"L(N — Nuwe) in Q. (5.41)

The proof of such a result has been established by Diaz in [9] in the case of the homogenization of chemical
reactions between fluid and solid phases at the interface.

6. NUMERICAL SIMULATIONS

6.1. The pore scale

We present here the first simulations obtained using the numerical scheme described in part 4. These
computations have been made on a planar rectangular domain which modelizes a capillary in quasi-linear
thermal field.
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TABLE 1. Macroscopic coefficients (ky = 1.3 x 107"m? 57!, ks =13x10"m?-s71, D =
2.75x 107 "m? - s71, SF =4.92 x 1073).

Tensor \ Cell Cell 1 Cell 2
i 3.49 x 107 0 2.67 x 1077 0
0 3.48 x 1077 0 2.66 x 1077

- 1.313 x 1073 0

-3
z 277 x 1072 ( 0 1.314 x 103 >
. 2.67 x 1071 0

-1
T 5.63 x 1071 ( 0 2.671 x 101 >

The main parameters used here are the dimensionless Soret coefficients S{* = S{AO(1 — N;(z = 0)), the

[UllL

Peclet numbers Pe’ = , the adsorption isotherms of each component and the data relative to the system

such as the applied tempezrlature difference A6 and the velocity profile U. The adsorption isotherm chosen for
the simulations is the Langmuir isotherm, defined by

¢+ Z Kj(z)y;

1<j<n.

Vi€ {l.n}, Vo € Q, Vy= (yi)i<i<n, € {0..1}", k'(x,y) =

where ¢ denotes the medium porosity and (K;)1<i<n, the Langmuir equilibrium constants family. One can
easily show that assumptions (H) hold for the diffusive and adsorption tensors. This isotherm is one of the
most simple and most often used functions for the modelization of the adsorption processes, and, if it is well
known that it is not the more precise, it remains a good function for the tests, in order to better understand the
mechanism that governs the system. In Figure 2(a), we show that the adsorption process and more precisely
its speed is modified by the thermal profile (via the Langmuir coeflicients): in a first time the elution occurs
normally (first visualization) before that the fluid reaches the non isothermal area where the front part is
accelerated, while the back part is not disturbed. That’s why we observe a deformation of the initial velocity
profile (which is more stretched) before reaching the capillary outlet (third visualization), while the desorption
process occurs, slowed down by viscous effects. These effects can be better visualized on the isovalue graph for
the concentrations of the first component (Fig. 2(b)).

6.2. Upscaling

A second set of simulations has been made in order to compute precisely the macroscopic diffusion (and
thermodiffusion) tensors determined in part 5. An unstructured mesh for the unit cell has been constructed.
The resolution of elementary problems (5.7) and (5.20) has been done using a finite volume code. The type of
elementary cell chosen for these simulations is a stack of balls of “cell centered” type (cell 1 porosity ¢ = 0.72)
or “cubic face centered type” (cell 2, porosity ¢2 = 0.43). Some solutions of the auxiliary problems can be
visualized in Figures 3(a) and 3(b). One can easily see the influence of the thermal diffusivities discontinuity on
the solution of (5.7) and the importance of boundary conditions in the computations of the solutions of (5.20).
The energies linked to the computed auxiliary functions have allowed the evaluation of macroscopic coefficients
given in Table 1 (I3 denotes the “identity” matrix of order 2).
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FIGURE 3. Auxiliary problem solutions (5.7) and (5.20).

Other computations must be performed with more realistic and thus more complex geometries. Nonsymetric
cells or anisotropic media should improve the effect of tortuosity on thermodiffusion phenomena.
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