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Model of two-temperature convective transfer
in porous media

Isabelle Gruais and Dan Polisevski

Abstract. In this paper, we study the asymptotic behaviour of the solution of a convective heat
transfer boundary problem in an e-periodic domain which consists of two interwoven phases, solid
and fluid, separated by an interface. The fluid flow and its dependence with respect to the tem-
perature are governed by the Boussinesq approximation of the Stokes equations. The tensors of
thermal diffusion of both phases are e-periodic, as well as the heat transfer coefficient which is
used to describe the first-order jump condition on the interface. We find by homogenization that
the two-scale limits of the solutions verify the most commonly system used to describe local ther-
mal non-equilibrium phenomena in porous media (see [11] and [17]). Since now, this system was
justified only by volume averaging arguments.

Mathematics Subject Classification (2010). 35B27; 76M50; 76Rxx; 74F10; 74Q05.

Keywords. Homogenization, e-caps, Stokes-Boussinesq system, heat transfer coefficient, first-order
jump interface, two-scale convergence.

1. Introduction

The macroscopic description of heat and mass transfer in porous media is of great interest in many
geophysical and industrial problems. In the case of biphasic porous media, the one-temperature models
imply a local thermal equilibrium between the solid and fluid phases. But this condition is not valid
when the thermal properties differ widely or when the convective transport is important (see [5]). Thus,
there have been considered the so-called non-equilibrium models, usually involving two temperatures.
The first such models have been introduced heuristically (see [19]). Since now, these models were
justified only by volume averaging arguments (see [16], [11] and [20]).

In this paper we find a two-temperature model for a convective heat and mass transfer model
using the homogenization method. We still use the interfacial thermal barrier introduced by [16],
reminding of a similar problem, that of the flow of slightly compressible fluids in porous media (see
[2]), which was justified by homogenization in [6].

We study here the asymptotic behaviour of the solution of a convective heat transfer boundary
problem in an e-periodic domain which consists of two interwoven phases, solid and fluid, separated
by an interface. The fluid part is connected and the only one reaching the boundary of the domain.
The solid part is not necessarily connected.

We improve here the biphasic structure introduced in [15], by attaching at its ends the so-called
cells of e-caps, which allow the e-periodic interface to be as smooth as it is needed. Moreover, all the
properties of [15] hold for the present structure too.

We consider an incompressible viscous fluid flow which is governed by the Stokes equation,
assuming that the temperature differences are small enough to allow the Boussinesq approximation
of the Stokes equations.
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We consider that the tensors of thermal diffusion of the two phases are e-periodic and not
necessarily equal. On the interface, the heat flux is continuous and proportional with the temperature
jump. This first-order jump condition presents an heat transfer coefficient which is also assumed e-
periodic. In order to balance the measure of the surface of the interface, we assume that the heat
transfer coefficient is of e-order. Finally, a temperature distribution is imposed on the boundary of
the domain.

We prove the existence and uniqueness properties of the corresponding velocity, pressure and
temperature distribution. An L°°-estimate of the temperature, uniform with respect to ¢, is obtained.

The homogenization process is performed in the case when the Rayleigh number is of unity
order. Using the techniques of the two-scale convergence theory (see [10], [1] and [3]), we find the two-
scale system verified by the two-scale limits of the e-solutions and the solutions of the local problems
which allow us to define the effective coefficients of the homogenized system, called sometimes as the
macroscopic system, as it does not depend on the microscopic variable.

The homogenized system that is verified here by the limits of the e-solutions turns out to be the
most common system used to describe local thermal non-equilibrium phenomena in porous media (see
[16], [11] and [17]).

2. The c-caps of the periodic porous structure

Let Q be an open connected bounded set in RY, N > 1, locally located on one side of the boundary
01, a Lipschitz manifold composed of a finite number of connected components.

Let E be the rhombic polyhedron obtained by affixing square pyramids of 1/2 height on each
face of the cube Y =] — 1/2,1/2[V, that is

E = int(Conv(Y U {=%e;, i = 1,2,..., N})), (2.1)

where e; are the unit vectors of the canonical basis in RV.
For D CC F, a domain which is of Lipschitz class, we define

Df = (Y +e)ND, Viec{l,2, ..., N} (2.2)
We assume that Y := Y N D has the property
Y. N ccyt, vie{1,2,.. N}, (2.3)

where X% = {y € Y : y; = +£1/2}.

Denoting Yy :=Y \'Y,, we assume that the reunion of all the Yf parts is a connected domain in
RY with a locally Lipschitz boundary, denoted by R}V . Obviously, the origin of the coordinate system
can be set in such a way that there exists » > 0 with the property B(0,r) C Rﬁ}’.

For any ¢ €]0, 1] we denote

Z. ={keZV: ck+eY CQ}, (2.4)
I.={k€Z.: cktee,+ecY CQ, Vie{1,2,..,N}}, (2.5)
Oy, =int ( U (ek + EYS)> (2.6)
kel
T, ={ic{L.2,..N}, (h+eD,)NQy., #0}, VkeZ \L. (2.7)
For every k € Z. \ I. we define the so-called cell of e-caps by
D,y = (UiEJ:k(Ek +eDj)) U (UiEJ;k(Ek +eD;)) C ek + €Y. (2.8)
Thus, the solid part of our structure is given by
Qe s = int(Qy,, U (Upez\1. Der)) (2.9)

and the fluid part by
Qep =0\ Q. (2.10)
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The interface between the two components is denoted by
I = 0Qcr NONes = 0es. (2.11)

We see that all the boundaries are at least locally Lipschitz, (2.; is connected and )., can be,
in particular, connected too. We remark also that the cells of e-caps are of at most (4V — 2) types
and that they do not affect the classical results concerning such e-periodic structures (see [4], [6] and
[15]). The main advantage of using the structure with cells of e-caps is that I'. has the same class as
the boundaries of D and R}V , which can be assumed as smooth as it is needed.

From now on, let us denote I' = 0Y; N JY, and v the normal on I' (exterior to Y}). Then, for
z € (ek+el), k € Z., we find that v*(z) = v ({z/e}) is the corresponding normal on I'c (exterior to
Q.¢), where {x/c} stands for the fractional parts of the components of ¢! x.

Our domain has the following well-known properties (see [4] and [6]):

Lemma 2.1. There exists an extension operator P, € L (Hl(Qek);Hl(Q)), for any k € {s, f}, with
the properties:
ngT =T in ng, (2.12)

IVPT| 20y < CIVT |2,y » VT € H' (Qer), (2.13)
where C' > 0 is a constant independent of €.

Lemma 2.2. For any T € H}(Q\T.) there exists C > 0, independent of €, such that

|T|L2(st) <C |VT‘L2(QEf) ) (2.14)
&2 Nt aqry < C (Tliaa, +€ VT ey, ) k€ {55} (2.15)
T2y <C <51/2 IYesTp2(r,) +€ |VT|L2(QES)) : (2.16)

Remark 2.3. Taking in account the LZ—norm of the jump on I'. the results of the previous Lemma
have an important consequence:

Tl 120,y < ClTmaanr,) » VT € Hy(Q\ Te). (2.17)
We recall here the main inequalities that hold in the vectorial case.

Lemma 2.4. There exists C > 0 independent of € such that

|U‘L2(ng) < C€|V’UJ|L2(QEf), Yu € H&(st)N (218)
C

IPlz2(0. )R < ;|VP|H*1(szgf), Vp € L*(Qey). (2.19)

|P|L2(st)/R < C‘Vp‘Lz(QEf), Vp € H! (st). (2.20)

Denoting x7 and xy as the characteristic functions of respectively )., and Y}, we have a specific
compactness result for the pressure type estimates in H 1 () (see [15]).

Theorem 2.5. If (p.). € L?(Q¢) has the property that for some constant C > 0 there hold:

/ p°(x) dzx
Qe
|VP€‘H—1(QEf) <Ce Ve 6]0, 1[7 (222)

then there exists p € L(S) such that, on some subsequence:

<C, Ve€o1], (2.21)

2
Xefp® = XyD- (2.23)
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3. The heat and mass transfer across the interface

In this section, we present the existence and uniqueness properties, as well as the a priori estimates of
the solutions of the convection problem occuring in the e-periodic structure introduced in the previous
section. We consider that the viscous fluid flow takes place only in €. and is governed by the Stokes
system in the Boussinesq approximation. The heat transport throughout 2 presents an interfacial
barrier on I'., where the temperature obeys to a first-order jump condition. The problem is completed
by imposing a certain temperature distribution on the boundary of €.

Let us introduce the Hilbert space

Hy(Q\T.)={Te€L*Q),T|a., € H (Qy),T|q., € H (Qes), T = 0 on 00} (3.1)
endowed with the scalar product
(T, S)Hé(Q\FE) = / VIVS + / VITVS + E/ [T][S], (3.2)
Qef Qsi FE

where [T] = 7251 — V4T and V. fT, 75T are the traces of T on I'. defined in H' () and H*(Q.s),
respectively.
For any ¢ €]0, 1] we introduce the jump transmission factor n°(z) = n(z/c) and the symmetric

conductivities a5/ (z) = afj(x/a) and aif(v) = aj;(z/€), where al as, € L2 (Y) and n € CL (V)

] J 150 g per per
have the property that there exists 6 > 0 such that
n>4, ae onY (3.3)
ay;&i&; > 066 VEERN, ae. on Y, Vk € {s, f}. (3.4)

Also, we consider a. > 0, g € L=(Q)" and Q € L?(f2) to be respectively the Rayleigh number,
the external body force and the heat source. The nondimensional system which governs the velocity
u®, pressure p®, and temperature 6°, is the following (see [14]):

divu® = 0 in Q. (3.5)

E2Auf +0°g = Vp° in Q. (3.6)

autVO —div(e'Ve) = Q in Q. (3.7)
—div(a®*Ve®) = @Q in Qg (3.8)
affg:qjl/f = a;} gzj vi = en (7es0° —ef0°) on T, (3.9)
u® = 0 on 0Qy, (3.10)

° = 7 on 09, (3.11)

where 7 € H%2(0R), infycpn T = —1/2 and sup,cpo 7 = 1/2.
Because of the nonlinear inertial term, we pass to a homogeneous problem with the following
precaution (see [12] or [13]):
Lemma 3.1. For any h > 0, there exists 7, € H*(Q2) such that:
=7 on OS) (3.12)
| SVTh|L2(Q) < h|VS|L2(Q), VS e Hé(Q) (313)
Setting T° = 0° — 7, for some h which will be chosen later, and defining
Vop={ve H}(Qyp), divo=0 in Q. }, (3.14)

the variational formulation of our problem is:
To find (u®,T¢) € Vo x H}(Q\ T), solution of the system

e2(Vus,Vu)er — (T° + 10)g,v)ef =0, Yo € Vg (3.15)
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(@I (T% +7),VS)os + (@ V(T +74), VS)es + g/ E[T2)[S]+
T.

e (u®, SV(T +73))er = (Q, S)12(0), VS € Hy(Q\Te) (3.16)
where (-, ). denotes the scalar product in L2(Q)N, k € {s, f}.
Defining F. € (Vo x H} (2 \T:)) by
Fe(v,8) :=6(mhg,v)er +(Q, ) 202y — (a7, VS) s — (a°V7, VS)es,
we introduce a problem equivalent to (3.15)—(3.16):
To find (uf,6°) € Vo x H(Q\T.) such that
(G(u,67), (v,9)) = Fe(p) for any (v,¢) € Voy x Hy(Q\T2), (3.17)
where the mapping G : Vop x HH(Q\T.) — (Vop x HF(Q2\ T'.))" is defined by
(G(u,0), (v, p)) = hae?(Vus, Vv)ep — hae (T g,v)es + 6/ n°[Te][S]

€

+(@ VT, VS) s + (a5VTE,VS)es + ac(u®, SV(T + 71,))es (3.18)

Remark 3.2. Tt is obvious from (3.17) that we already know that ha. > 0 is a suitable multiplier for
the flow equation.

In order to prove the existence theorem for problem (3.17), we remind the following result of
Gossez (see [7]):

Theorem 3.3. Let X be a reflexive Banach space and G : X — X' a continuous mapping between the
corresponding weak topologies. If

(Go, p)
ol x

— 00 as |p|x — oo, (3.19)

then G is a surjection.
Here it is the main result of this section.

Theorem 3.4. There exists (u®,T¢) solution of the problem (3.15)—(3.16) for a proper choice of h > 0,
that is when hae is smaller than a certain constant, independent of €. Moreover, T¢ € L*(Q) and
there exists ¢ > 0 (independent of €) such that

1
T + Th|Loc(QEf) < 3 + C|Q|L2(Q)~ (3.20)

Proof. Using Theorem 3.3 and acting as in the proof of Theorem 5.2.2 [13] (Ch 1, Sec. 5), we obtain
the first part of the result in a classical way.
In order to prove (3.20) let us define for any ¢ > 0

QL ={x e, |T°(z) + ()| > 1/2+t}, (3.21)
O =N, ke{s [}, (3.22)
R; =sgn(T° 4 m,) max{|T° + 7| — 1/2 — ¢, 0}, (3.23)
where the inequalities are in the H!-sense (see [9]). We see that
R € HY(Q\T.) and VR = V(T + 1) in L*(Q\T.). (3.24)

As for any k € {s, f} we have
|Rﬂi4(9;k) <Py Ri 7410y < eIV P R{|72(q) < C\VRﬂ%Z(Q;k) =
= V(T + )12, < @V (T +74), V(T + 7))er =
= c(a**V(T° + 11,), VRS ) o, (3.25)
ac(u®, REV(T +13,))e5 = ae(u®, RiVR;)5 = 0, (3.26)
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and
= [ rirmg) = 0 (3.27)
I'e
it follows from (3.16) that
RS ) < el(Q.RS)| < |Ql oo (|1 T BS | L) (3.28)
Moreover, considering i > 0 we notice that
|RS|* > h* a.e.on QUth (3.29)
and hence )
RIQEHT <IRS| aqeiny < 1R |Lsgay). (3.30)
Defining the nonincreasing function ®. : Ry — R, by ®.(t) = |QL|, we see that
c
. (t+h) < WQﬁx(Q)qﬁ(t), Vt, h > 0. (3.31)

Applying Lemma B.1 (see [9], Chap. 2) it follows that there exists ¢ > 0 (independent of ) such that
@E(C|Q|LN(Q)) =0, that is

meas{z € Q, |T°(z) + mn(x)| > 1/2 + ¢|Q[r~)} = 0, (3.32)
and the proof is completed. ]

Remark 3.5. We do not have a uniqueness result, except if we assume that the Rayleigh number
e > 0 is small enough.

4. Compactness results for bounded Rayleigh numbers
From now on we assume that there exists o > 0 such that
a: - a when & —0. (4.1)

First of all, let us notice that in the present case h and 73, are independent of .
We proceed with the a priori estimates of the solutions.
Setting (v,5) = (v, T°) in (3.15)—(3.16) and using (2.14)-(2.18) and (3.20), we get

[ufler < ¢, e|Vufley <c and |T6|Hé(gl\1‘5) <cg, (4.2)
for some ¢ independent of €.

For any k € {s, f}, let us introduce the following notations

Vo(div,Q) = {v € H(div,Q), divo =0 in ©, v-v=0 on 9N} (4.3)
Hloo (Vi) = {p € Hp,. (RY), ¢ is Y-periodic} (4.4)
W) ={ve Hécr(Yf)N, divv=0in Yy, v=0 on I'}. (4.5)
Hyer (Vi) = {¢ € Hyer(Vi), ¢ =0}, (4.6)
where for any ¢ € L}(Q x Y), we denote
¢ = / pdy. (4.7)
Y

The estimates (4.2) prove that x%(u®), ex3(Vu®) and xi (1), exj,(VT*®) are respectively bounded
in L2(Q)Y and L2(9), for any k € {s, f}. A first compactness result follows:

per

Theorem 4.1. There exist u € L?(S;Vo(Yy)), T, € H () and Sy, € L? (Q;I:P (Yk)), ke {s, [},
with the properties:

DN

S

|

xr(u), (4.8)
Xf (g; ) ; (4.9)

X (u®)

. [ Ou®

Ly
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Xi(T%) 22 x(T), (4.10)
OT®\ 25 ol ~ 0Sk .
7 = , 1€4{1,2,...,N}. 4.11
(5 ) 2o (G + Gt ) s i€ 120) (a.11)
where 22 represents the two-scale convergence in L?(§). Moreover, we have:
€ Vo(div, Q). (4.12)

Proof. All the properties can be easily obtained by applying Proposition 1.14 of [1]. We only prove
here that Ty, = 0 on 99, for both k € {s, f} and u =0 o0n 2 x I
Recalling the extension operators introduced by Lemma 2.1, we have

\PerTy |1 0) < el VPaTi | r20) < o VTg[20,) < (4.13)
which shows that (P.xT%). is bounded in H} (). Hence, there exists T, € Hg () such that
P T§ — Ty, weakly in Hy(9), (4.14)
and consequently
v ({2}) Pt 2 )T @), (4.15)
On the other hand,
i ({2}) P = Xa(T0) 2 xu() ) (4.16)

which obviously implies Ty, = T}, € H} ().
Next, let ¢ € D(Q,C3%, (Y ;))V. Denoting ¢°(z) = ¢ (m, g), it follows

» “per

0=¢ / W () = / (V)" + s (edivis®))
r Quf

€

— (pVyu; +uidivyp) = / divy(u;p) = / ui(p - v) (4.17)
QXYf QXYf QxID

and the result follows. ]
Remark 4.2. There is in the previous proof a second interpretation of the two limit temperatures, T
and T'y; they are the weak limits of respectively (P75 ). and (P-fT5). in H(Q).

In order to study the asymptotic behaviour of (u®,T¢), we have to recover and estimate the
pressure, which was hidden by the variational formulation. For this, let us define F. € H~1(2) by

F.(v) = —€*(Vus, Vu)es + (T +11,)9,0)ef, vE Hé(QEf). (4.18)

As F.(v) = 0 if divo = 0 in ., from the Tartar’s variant of the De Rham Lemma (see Remark 1.9
[18]), we see that there exists p® € L3(Q.) such that

FE(’U) = <Vpevv>(H—1,H(}>(Qaf)7 Yv € H&(ng)7 (419)
where L3(Q:¢) = {p € L*(Q%y), stf p = 0}, that is

e2(Vus, Vu)er — (p°,dive)es = (T° + 70)g,v)es, Yo € Hg(Qep). (4.20)
From (4.19) and Theorem 3.1 of [15] easily follows
|Vp€\H71(QEf) <ce and |[p°lf <c, (4.21)

for some ¢ > 0 independent of .
Thus, the hypotheses of Theorem 3.2 of [15] are fullfilled and the second final compactness result
can be presented.

Theorem 4.3. There exists p € L3(Q) = {p € L*(Q), [, p =0} such that on some subsequence

X5 (07) 22 s (y)p(a) (4.22)
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5. The homogenized system

Now, we shall look for the two-scale system verified by the limits u, p, Ty, and S, k € {s, f}, introduced
by the theorems 4.1 and 4.3.

Theorem 5.1. For any ¢ € D(Q; Vy(Yy)), @k € D(Q) and i € D(; Hper(Yk)) we have

/ VyuVy1h — pdiv,y = (T + )97 (5.1)
QXYf QXYf QXYf

> /Q Y)(VTi 4+ V,Sk) (VO + Vyor) + /er n(Ts — Tp) (s — D)+

ke{s,f} ka

+ma/ a® V(T + 1) Z QPx, (5.2)
k’e{ f} QXY

where m := |Y| €]0, 1].
Proof. We pass (4.20) and (3.16) to the limit (¢ — 0) with specific test functions. In (4.20) we set:

v(z) =4 (x) = P(x,x/e) for w e Qep, ¥ €D(Q;Vo(Yy))
and in (3.16) we set

S(x) = Op(x) + epi(z) for € Qep, ke {s, f},

where @, € D(2) and ¢ (x) = p(z,z/e) for z € Uk, pr € D(Q;C55,(Yr)). Letting e — 0 on the
subsequence ensured by the theorems 4.1-4.3 we find without difficulty (5.1); with the techniques of
[6] and [8] we prove the convergences to the all the terms of (5.2), except the nonlinear one, which we
treat here. Recalling Remark 4.2, as P, ;T* is strongly converging to T in L?(2), we have

Oég/ UE(I)fV(TE + Th) = 70&5/ X?(ue)(PszE +Th)V®f —
st Q

— —Ol/ w(Ty + )V = ma/ a® V(T + 1) (5.3)
QXYf Q

Using the estimations (4.2), the other nonlinear term is converging to zero, as follows:

Eas/ ut oGV (T + 1)
Qy

< Celu®| 2. ) IV (T° + 70)|L2(0. ) sup |ogl.
QXY

Moreover, (5.2) holds true for any ¢, € D(€2; Hpcr(Yk)) by density and continuity arguments. [ |

The next result is straightforward.

Theorem 5.2. The limits u and Sy, of the theorems 4.1-4.3 are uniquely determined with respect to p
and Ty, by the following relations:

i) = w0 ({25 + mio— 22 ) @) in 2% Yy (5.4
Su(e.y) = SO WG E@) in @ x Vi, ke 5.1, (5.5)
where w® € Vo(Yy) and S,(;) € ngr(Yf) are the solutions of the well-defined (local) problems:
Vw DV = [y, Ve € Vo(Yy), (5.6)
Yy Yy
a"V(SY 4y )V, =0, Wy, € HL(Y2), ke {s, f). (5.7)

Y

Remark 5.3. Denoting with B the inverse of the positive-definite matrix (fo Vw(i)Vw(j))i,j € RVXN

we get from (5.4)
Bu+Vp= (Ty+m)g in Q. (5.8)
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Remark 5.4. Introducing for k € {s, f} the positive-definite matrices
Aij = / ClkV(S](j) + yz)V(S,E:j) + yj),
Y

by taking into account (5.5) in (5.2), we obtain:

> (4 [ vnve) +a [ @ -, -0+

ke{s,f}

+ma/Qaq>fV(Tf+rh): > /Q Qs, (5.9)

ke{s.fy 7
where 7 = [ ndo.

Returning to the initial notations, that is, 6y = T + 7, k € {s, f}, and summarizing the results
of the theorems 4.1-4.3 and of the remarks 5.3-5.4, we see that the homogenized system corresponding
to (3.5)—(3.11) is the following:

divi=0 in €, (
Bu+Vp=0rg in Q, (

ma Ve — div(A'Vo,) +7(0; —0;) =mQ in Q, (5.12
—div(A°VOs) +7(0; —05) = (1 —m)Q in €, (
4-n=0 on 0%, (

0y =0s=1 on ON. (5.15
Like the initial system, it has at least one weak solution, which is unique only when « > 0 is sufficiently
small.
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