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Abstract

This paper is concerned with the homogenization of model problems in periodic
porous media when important phenomena occur on the boundaries of the pores.
To this end, we generalize the notion of two-scale convergence for sequences of
functions which are defined on periodic surfaces. We apply our results to two
model problems : the first one is a diffusion equation in a porous medium with
a Fourier boundary condition, the second one is a coupled system of diffusion
equations inside and on the boundaries of the pores of a porous medium.

Key words : homogenization, two-scale convergence, periodic structures, porous
medium.

1 Introduction

In porous media, there are (at least) two length scales : a microscopic scale
(for example, the size of a single pore), and a macroscopic scale (the size of a
typical sample of porous media). Quite often, the partial differential equations
describing a physical phenomenon are posed at the microscopic level whereas
only macroscopic quantities are of interest for the engineer or the physicist.
Therefore, effective or homogenized equations have to be derived from the mi-
croscopic ones by an asymptotic process. To this end, it is convenient to assume
that porous media have a periodic microstructure. Although it is far from be-
ing the case, it is perfectly legitimate as far as deriving homogenized models is



concerned. There is a vast body of literature on periodic homogenization (see
e.g. (3], [4], [11]). In this context, the homogenization process is divided in two
steps. In a first step, two-scale asymptotic expansions are used to formally ob-
tain the homogenized problem. In a second step, another method (usually the
so-called energy method of Tartar [9], [12]) is applied to prove convergence to
the homogenized equation guessed from the first step. Recently, a new method,
called two-scale convergence, has appeared which replaces these two steps by a
single process (see [1], [10]). It relies on a new type of convergence as recalled
in the next theorem.

Theorem 1.1 Let Q be a bounded open set in RY, and Y = [0,1]N the unit
cube. Let u. be a bounded sequence in L?(Q). Then, there erist a subsequence
(still denoted by €) and a function uo(z,y) € L*(Q x Y) such that u. two-scale
converges to uo(x,y) in the sense that

lim ug(x)qb(;v,%)dw:AAuo(x,y)¢(x,y)dmdy,

e—0 Q
for any continuous function ¢(z,y) € C[Q; Cx(Y)].

The goal of this paper is to generalize this previous result for sequences of
functions which are defined on a periodic surface instead of in a fixed domain.
Section 2 is devoted to a generalization of the two-scale convergence in this
setting. In Sections 3 and 4 these results are applied to some simple problems
in porous media in order to demonstrate the relevance of the method. These
model problems are derived from two more complex, and physically sound,
systems studied in great details in [5] and [8]. Here our purpose is just to
illustrate our method : original examples will appear elsewhere.

2 Presentation of the main results

Let Q be a bounded open set in IR™. As usual in periodic homogenization, ¥
is the unit periodicity cell [0, 1] which is identified to the unit torus RY /Z".
Let T be an open subset of Y with a smooth boundary I', and Y* =Y \ 7. We
also identify 7', Y*, and I' with their images by the universal covering map, i.e.
their extension by Y-periodicity to the whole space IR™ . Note that the periodic
extension of 7" may or may not be connected (in other words, the inclusion T’
is not necessarily strictly included in the unit cell Y'). Then, for a sequence € of
positive numbers going to zero, we define a perforated domain 2. by

QE:{mEmEEY*}. (1)
€
We further define a N — 1 dimensional periodic surface I'¢ by

rez{xemfer}, 2)



which is nothing else than the part 9€¢ lying inside Q. It is easily seen that

Q
i el = [Pl 3)
where |-, is the p-dimensional Hausdorff measure. We denote by do(y),y € Y,
and do(z), z € Q, the surface measure on I'; and I, respectively. The spaces of
squared integrable functions, with respect to these measures on I'" and T',, are
denoted by L?(T"), and L?(T.) respectively.
The main result of two-scale convergence (see [1], [10]) can be generalized to
the case of sequences defined in L?(T.).

Theorem 2.1 Let u. be a sequence in L*(T) such that

¢ / Juo(2) dor () < C, (4)
J

where C' is a positive constant, independent of €. There exist a subsequence (still
denoted by €) and a two-scale limit ug(x,y) € L*(2; L2(T)) such that uc(x) two-
scale converges to ug(x,y) in the sense that

lim ¢ /F e(a)o, o, = /Q /F wo(w, y)(x, y)dado(y),

e—0
for any continuous function ¢(x,y) € C[Q; Cx(Y)].

Remark 2.2 Note that the surface two-scale limit wg(x,y) is defined in the
whole domain € for the macroscopic variable x, and on the surface T' for the
microscopic variable y.

Remark 2.3 In Theorem 2.1 the set T'¢ is a periodic (N — 1)-dimensional sur-
face. Of course, it could be generalized to lower dimensional periodic manyfolds,
like curves in 3-D. The same methodology could then be applied to homogeniza-
tion problems such as fluid flow through small pipes or electric currents through
wires.

The proof of Theorem 2.1 is very similar to the usual two-scale convergence
theorem [1]. It relies on the following lemma, the proof of which is left to the
reader.

Lemma 2.4 Let B = C[Q;C4(Y)] be the space of continuous functions ¢(x,y)
on Q x Y which are Y -periodic in y. Then, B is a separable Banach space (i.e.
it contains a dense countable family), which is dense in L*(2; L*(T)), and such
that any function ¢(x,y) € B satisfies

¢ / 6z, D) 2do. (x) < C|16]3,
I. €



and

hme/ 9l ) Pdor(a //|¢xy|dxda<>

Proof of Theorem 2.1. By Schwarz inequality, we have

<Cle

[ welwyota Do

€

do6

< ¢l 5- ()

This implies that the left hand side of (5) is a continuous linear form on B which
can be identified to a duality product (u, $)p/ g for some bounded sequence
of measures u.. Since B is separable, one can extract a subsequence and there
exists a limit pg such p. converges to g in the weak * topology of B’ (the dual
of B). On the other hand, Lemma 2.4 allows us to pass to the limit in the
middle term of (5). Combining these two results yields

(a0, ) 5] < c\ [ [1ote.Pasast| (6)

Equation (6) shows that g is actually a continuous form on L2(Q; L*(T)), by
density of B in this space. Thus, there exists ug(z,y) € L?(Q; L*(T)) such that

<H0,¢>B',BZ/Q/FUO(ﬂfaZ/)QS(Jﬂvy)dmda(y),

which concludes the proof of Theorem 2.1.

The following result is an easy generalization of the corrector result of the
usual two-scale convergence (Theorem 1.8 in [1]).

Proposition 2.5 Let u. be a sequence of functions in L*(T.) which two-scale
converges to a limit ug(x,y) € L*(Q; L?(T")). Then, the measure u.do. con-
verges, in the sense of distributions in Q, to the function u(x) = [ uo(z,y)do(y)
belonging to L*(RY), and we have

hme/ |ue|2doe > //|u0 z,y)|2dzdo(y /|u )2dz.

Assume further that ug(x,y) is smooth and that

hm e/ || doe—//|uo(;1c,y)|2al;10ala(y)7
oJr

hme/ |ue(z) — uo(x, —)| do.(z) =0

then



In the case where u, is the trace on I, of some function in (), a link can
be established between its usual and surface two-scale limits.

Proposition 2.6 Let u, be a sequence of functions in H'(Q2) such that
luellL2) + €llVuell L2y < C,

where C' is a positive constant independent of €. Then, the trace of ue on T
satisfies the estimate

e/ lue () 2doc(x) < C,

€

and, up to a subsequence, it two-scale converges in the sense of Theorem 2.1 to
a limit uo(x,y) which is the trace on T of the usual two-scale limit, a function
in L*(Q; H,(Y)). More precisely,

e—0

lim ¢ /F ol F)do, = /Q /F wo(,9)6(2, y)dado (y),

e—0

. x -
lim ng(x)qb(;v,E)d;v—/Q/Yuo(x,y)dac,y)dmdy,

1ime/QVue(a:)¢(a:,%)da:z/ﬂfyvyuo(a},y)qﬁ(x,y)dmdy,

e—0

for any continuous function ¢(x,y) € C[Q; Cx(Y)].

Proof. By rescaling and summation over the e-cells of 2, the trace inequality
in the unit cell yields

¢ / e(z) Pdoe(2) < Clluel 2o + Ve |22(q.

Thus, up to a subsequence, u,. two-scale converges in the sense of Theorem 2.1
to a limit vo(x,y) € L*(Q; L?(')). On the other hand, by virtue of Proposition
1.14 in [1], and up to another subsequence, u. two-scale converges in the sense
of Theorem 1.1 to a limit ug(z,y) € L*(Q; H# (Y)). To prove that v is just the
trace of ug on I', the sequence u,. is first restricted to the perforated domain 2.
defined by (1). For any vector-valued smooth test function t(z,y), integrating
by parts gives

e/ Vue - (z, E)dx = —e/ ue divy(z, E)da: — / ue divy (e, E)da:
Q. € Q € Q. €

€

+e /F ueth(x, ;) - fido.(z). (7)



Passing to the two-scale limit in each term, (7) becomes

/ Vyuo-wdxdy:—// uodivy@[}d;vdy—i—//v0¢-ﬁd$do(y). (8)
QJy= QJy+ QJr

Integrating by parts in (8) gives

/Q/F(Uo — uo)t) - fidado(y) = 0.

It is not difficult to check that smooth functions are dense in L?(€; L7, (Y, div))
and that any function of L?(Q; L?(T)) is attained as the normal trace of some
function of L?(Q; L?(Y, div)). This implies that vy coincides with the trace of
Up on T.

We establish below a last corollary of surface two-scale convergence con-
cerning a sequence u. which belongs to H!(T'.). To define the Sobolev spaces
HY(T.), we first define the tangential derivative operator Vi on I'¢ in the usual
way (see e.g. Chapter 16 in [6]) : for a smooth function u € C'(Q) Viu(z) is
the projection of Vu(z) on the tangent hyperplane to I'c at the point z. Then,
HY(T.) is defined by

H'T) = {u € L*(T)|Viue L*T )N} .

A similar definition holds for H!(T"), based on the tangential derivative operator
V% on I'. We further denote by H;&(I‘) the subspace of Y-periodic functions in
HY(T).

Proposition 2.7 Let u. be a sequence of functions in H*(T'.) such that

¢ / fue(@) Pdoe() + € / Vi (2) Pdo(z) < C, (9)
I Te

€

where C' is a positive constant independent of . Then, there exists a subsequence
and a function uo(x,y) € L*(% Hy(T)) such that the subsequences u and eViue
two-scale converge, in the sense of Theorem 2.1, to uo(z,y) and Véuo(x,y)
respectively.

The proof of Proposition 2.7 requires the following elementary lemma on the
tangential divergence.

Lemma 2.8 Let div' denote the tangential divergence operator on T' defined as
the adjoint operator of V' through the following Green’s formula

/ Viu-vdo = — / udivivdo,
r r



for any w € H(T) and v € L3, (T)N with divtv € LZ(T). Assume that T is a
C? smooth compact boundary in the torus Y. Then, the exterior normal vector
@i of T' can be extended to a neighbourhood of T' as a C' field, and for smooth
functions ¥ (y) € C’#(Y)N the tangential divergence operator is defined by

diviy(y) = div (¥ (y) — (Y(y) - @)ii)  for any y € T.

Proof of Proposition 2.7. Thanks to the a priori estimate (9), by application
of Theorem 2.1, u. and eVu, two-scale converge, up to a subsequence, to some
limits ug(z,y) € L2(; L3(T)) and &o(z,y) € L2(; L3(T))N. Let ¢(z,y) €
C[; C4x(Y)]™ have a compact support in 2. By integration by part,

/ Viu.(z) - ¥z, —)doe( ):—62/F ue(z) div' (w(x,f)) doc(z).  (10)

By Lemma 2.8 the tangential divergence in the right hand side of (10) can be
computed as

ediv' (¢(x, %)) = (div'e) (z, %) +0(e),

where the operator div’ acts only on the y variable of 1(x, y). Therefore, passing
to the two-scale limit in (10) yields

//50 Wdxdo(y //uodlv Wdxdo(y). (11)

A last integration by parts in (11) implies that &, coincides with diviug.

Remark 2.9 In the present context, many other results can also be obtained
by generalizing the previous properties of the usual two-scale convergence. We
simply mention the possibility of studying non-linear monotone homogenization
problems, or multiple-scale problems [2].

3 A model of diffusion with Fourier boundary
conditions.

In this Section the results of Section 2 are applied to the homogenization of a
model problem derived from a more complex and pertinent problem, studied in
[5], and modeling the condensation of steam in a periodic cooling structure.
Let f(x) belong to L*(€2) and a(y) > 0 to L (Y)). Our model problem is a

diffusion equation in the porous medium 2. with a Fourier boundary condition
on I',

—Auct+u.=f in Q,

Gue 1 ca(Z)ue =0 onT. (12)

u6 =0 on 01,



which admits a unique solution u. € H*(£2,) satisfying the a priori estimate

luellz2(0.) + IVuel 2 < I1fllz2)-
The homogenized system for system (12) is

—div(AVu) + (1 +a)u=f inQ
u=20 on 012,

where a is a non-negative constant given by

o= |Y—1| / a(y)do(y),

and A is a symetric positive definite matrix defined by

1

Ajj =
Py o

(Vywi + €) - (Vyw; + €5)dy.

and (w;)1<i<n is the family of solutions of the cell problem

- divy(Vywi + éz) =0 inY*
y — w;(y) Y-periodic.

Proposition 3.1 The sequence u. of solutions of (12), extended by zero in
Q\ Q) two-scale converges to x(y)u(x), where x(y) is the characteristic function
of Y*, and u the unique solution in Hg () of the homogenized problem.

Proof. The application of two-scale convergence to the homogenization of prob-
lem (12) with a Neumann (instead of Fourier) boundary condition has already
been done in [1] (see Theorem 2.9). Therefore, we only give the new arguments
required to treat the Fourier boundary condition. In view of the a priori esti-
mate, there exist u(z) € H}(Q) and ui(z,y) € L2(Q;H;E(Y*)/R) such that,
up to a subsequence, the extensions by zero of u, and Vu, two-scale converge
to x(y)u(z) and x(y)(Vzu(z) + Vyui(z,y)). In the variational formulation of
(12), we choose a test function ¢(x) = ¢(x) + €1 (x, Z)

/ﬂe VuE-V¢edx+/Q u6¢edx+e/F a(%)ueqbedo6 = /Q foed. (15)

€ €

The usual two-scale convergence allows us to pass to the limit in all terms of (15)
but the third one. For this latter term, we use Proposition 2.6 which implies
that the trace of u. on I'c two-scale converges to u(x) in the sense of Theorem
2.1. Finally, passing to the limit in (15) yields

Jo Jye (Vu+ Vyu) - (Vo + V1) dady

+ Jo Jy uddzdy + [ [ a(y)updrdo(y) = [q [y fodrdy. (16)



It is not difficult to check that (16) is a variational formulation which admits a
unique solution (u,u1) € Hg(Q) x L*(Q; Hj(Y*)/IR). Thus the entire sequence
ue converges. Eventually, the homogenized system (13) is easily recovered from
(16) by remarking that

Z wily 83:1

where w; are the solutions of the cell problem (14).

4 A model of diffusion and adsorption in porous
media.

We now apply the results of Section 2 to a simplified model derived from a more
complete and physical one studied in [7], [8] concerning the diffusion, adsorption,
and reaction of chemicals in porous media. Roughly speaking, it is a system
of two competing diffusion equations, one inside the pores, and one on their
boundaries. For simplicity we assume hereafter that I' is compactly embeded
in Y, considered as an open set in IRY, in order that I'. does not meet the
boundary 9Q. We shall denote by Al and A! the Laplace-Beltrami operators
on I'c and I satisfying the usual rule of integration by parts

—/FAtu(y)v /vt (y)do(y)

for functions u,v € H;&(I‘) (a similar formula holds for A?).
Let f(z) belong to L*(R2) and a(y) > 0 to Ly (Y). The model problem reads

as
—Aue+uc=f in €.
—e2Alve +ve = (%) (ue —ve) onT. (17)
%f: +ea(Z)(ue —ve) =0 on I'
ue =0 on 0f),

which admits a unique solution (u, v.) € H'(Q.) satisfying the a priori estimate

{ [uell L2 )+||VUEHL2 )<C
€||U6HL2(p)+€ v Ue||L2 <C-

Proposition 4.1 The sequences ue (extended by zero in Q\ Q.), and ve two-
scale converge to x(y)u(x), and v(x,y) respectively, where (u,v) is the unique
solution in HZ () x L?(%; H;& (I")) of the homogenized system

—div(AVu(2)) + (1 + a)u(z) = f(z) + =7 Jr ay)v(z, y)do(y) in Q

—ALv(z,y) + (14 a(y))v(z,y) = a(y)u(z) in QxT

u=0 on 09,
(18)



where the matriz A and the non-negative constant are defined as in Section 3.

Remark 4.2 The homogenized system (18) can be further simplified since v(x,y)
is the product of u(x) by a function depending only on y. Corrector results (i.e.
strong convergences) can easily be obtained by using Proposition 2.5 in this pa-
per, and Theorem 1.8 in [1].

Proof. As in Section 3, the a priori estimate implies the existence of u(x) €

Hg () and uy (2, y) € L*(Q; Hy(Y*)/IR) such that, up to a subsequence, the ex-

tensions by zero of u,. and Vu, two-scale converge to x(y)u(x) and x(y)(Vau(x)+

Vyui(z,y)). Furthermore by Proposition 2.6, there exists v(z,y) € L*(; H;& ()
such that, up to another subsequence, v. and eViv. two-scale converge, in the

sense of Theorem 2.1, to v(z,y) and V!v(z,y). In the variational formulation

of (17), we choose a test function (¢(z),0(z)) = (¢(z) + ed1(z, L), 0(z, £))

/ VuE-VqSde—f—/
Q. Q.

63/ Vive - Vib.do, + e/ v bhcdo, = e/ oz(E)(u6 — v )bedoe.
I. r r €

€ €

UePedr + e/

re

o(E) e =)o, = | fouda.

We can pass to the two-scale limit in all terms which yields

/Q/*(Vu + Vyur) - (Vo + Vy1)dady + /Q / ugdzdy

// (u —v)pdrdo(y ):/ fodxdy, (19)
//Vtv Vv, 0dzdo(y //UGdach // (u —v)0dzdo(y)

It is not difficult to check that (19) is a variational formulation which admits a
unique solution (u,u1,v) € H} (Q) x L%(Q; H#( *)/R) x L2(Q,H#( )). Thus
the entire sequence (u.,ve) converges. Eventually, the homogenized system (18)
is easily recovered by arguing as in Section 3.
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