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The Muskat problem for a viscoelastic filtration
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A free boundary problem describing joint filtration of two immiscible incompressible liquids is
derived from homogenization theory. We start with a mathematical model on the microscopic level,
which consists of the stationary Stokes system for an incompressible inhomogeneous viscous liquid,
occupying a pore space, the stationary Lamé equations for an incompressible elastic solid skeleton,
coupled with suitable boundary conditions on the common boundary “solid skeleton — pore space”,
and a transport equation for the unknown liquid density. Next we prove the solvability of this model
and rigorously perform the homogenization procedure as the dimensionless size of pores tends to
zero, while the porous body is geometrically periodic. As a result, we prove the solvability of the
Muskat problem for viscoelastic filtration.
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Introduction

In the present publication we consider mathematical models describing a joint motion of two
immiscible liquids in porous media, for example, the displacement of oil in water. There are different
types of such models, but we are interested only in some of the fundamental models of continuum
mechanics, such as, for example, Stokes equations for a slow motion of a viscous liquid, or Lamé’s
equations for displacements of an elastic solid body, or in models asymptotically close to these.

Among the mathematical models of a joint motion of two immiscible liquids the most widely
recognized one is the Muskat problem, suggested by M. Muskat [9]. This model describes filtration
of two immiscible incompressible liquids of different viscosities and different densities, divided by
some unknown (free) boundary. The motion of the first liquid in the domain £27F(¢) with a constant
viscosity 1T and a constant density p}" is governed by the Darcy system of filtration

k
vt = ——fo+ + p}fF, V.ot =0, xef2"0), (0.1)
wt
for the macroscopic velocity v™ and the macroscopic pressure p}r of the liquid. Correspondingly,
the motion of the second liquid in the domain £27 (#) with a constant viscosity £~ and a constant
density i is governed by the Darcy system
_ k _ _ _ _
v =——_fo- —l—pf F, V.-v =0, xe€£2 (1), 0.2)
w : :
for the macroscopic velocity v~ and the macroscopic pressure pf_.
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On the common free boundary I'(t) = 327 () N 327 (¢) the pressures and normal velocities
are continuous:

pf=p;, mel), (0.3)
vt n=v -n=V, xel(), (0.4)
where n is the unit normal vector to the boundary I"(¢) at the point & € I"(¢) and V, is the velocity
in the normal direction to the boundary I"(¢) at x.
In (0.1)—=(0.2), k is the permeability coefficient of a given physical medium, and F' is a
dimensionless vector of distributed mass forces. These data are supposed to be known.
Condition (0.4) means that the boundary I"(¢) is a material surface—it consists of the same set

of material points during the motion. This fact permits a weak formulation of the Muskat problem.
Namely, we define the pressure py of the inhomogeneous liquid as

pf = p;-' ifxeRt@), pf = pf_. ifx e 2 (1),

the density oy as
por = ,oj}" ifexe2%@), pr = pf_ ifx e 2 (1),

the viscosity u as
u=p" ifxe7@), pn=p ifxeR22 (),
and the velocity v as

v=v" ifxet@), v=v" ifxecR ().

Then the unknown functions v, py, u and py satisfy the Darcy system of filtration in the form
k
v=——Vpr+porF, V.-v=0 xe£2,t>0, 0.5)
|

and the transport equations

dp; @
%;%Jﬂ;.vw:o, TeR, t>0, (0.6)
du 9

d—l;Ea—/;L—i—’UoV/,L:O, re2,1>0. 0.7)

The first equation in (0.5) (Darcy law) is understood in the usual sense almost everywhere in 27 =

£2 x (0, T), and the second equation (continuity equation) is understood in the sense of distributions.

The transport equations are understood in the sense of distributions, if we use the equalities
v-Vu=V-.(vp), wv-Vpr=V-(vor).

The problem is complemented with the homogeneous boundary condition

v-n=0 =xe§5=002,t>0, (0.8)



MUSKAT PROBLEM 465

where n is the normal vector to the boundary S, and the initial conditions
pr(@.0) = pp(@). pu(x.0)=pox), e, (0.9)
with discontinuous initial data:
,o?(ac) = p;-r =const>0, po@)=p" =const>0, xeN7,

and
pjg(:c) = ,of_ =const >0, puo(x)=pu =const>0, xe2,

where I"(0) = 02~ N 3827 is a sufficiently smooth surface.

So, one has two settings of the same Muskat problem. In both cases the problem is easy to
formulate, but almost impossible to solve. For this reason, very little is known about classical or
weak solutions. There are only a few results on classical solvability locally in time or globally in
time, but no explicit solutions, and there is no result on weak solvability (see [16], [12], [14] and
references there).

The goal of this paper is to find more general mathematical models describing the same physical
process and asymptotically close to some fundamental models of continuum mechanics. To explain
our ideas we consider for the moment only the Darcy system of filtration, which is responsible for
the dynamics in the Muskat problem. It is well-known that this system is an asymptotic limit of
the Stokes system for an incompressible viscous liquid, when the dimensionless pore size tends to
zero (see [2], [13]). But this Stokes system on the microscopic level is a particular case (¢; = 0,
o) = o0) of a more general system

& w & aw & &
ap o =V x a,Dfx, s + 0 = xDayD(x, w) — pl | + p° F, (0.10)

V.w =0, (0.11)

for the displacement w and the pressure p of continuous medium ([2], [8], [11], [13]). The
microscopic system (0.10), (0.11) describes the joint motion of the viscous liquid in a pore space
and of an elastic solid skeleton and is understood in the sense of distributions. Roughly speaking,
this system contains the Stokes system for the viscous liquid in the pore space, the Lamé system for
the solid skeleton and the boundary condition (the continuity of the normal stresses) on the common
boundary “solid skeleton — pore space”.

In (0.10), D(x, w) is the symmetric part of Vw, x?® is the characteristic function of the pore
space, ¢ = [/ L is the dimensionless pore size,

L 21 2\
Or = —=, o, = R o) = ——
i " tLgpo Lgpo

.ot =ppxt Hps(1 = x%),

! is an average size of pore, L is a characteristic size of the domain under consideration, 7 is a
characteristic time of the process, py and p; are the respective mean dimensionless densities of
the liquid in pores and the solid skeleton correlated with the mean density of water pg, g is the
acceleration of gravity, u is the viscosity of the liquid, and A is the elastic Lamé constant.
Theoretically the microscopic system (0.10), (0.11) with appropriate initial and boundary
conditions is one of the most suitable mathematical models, describing the joint motion of a viscous
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liquid in a pore space and an elastic solid skeleton. But this model has no practical significance,
since it is necessary to solve the problem in the physical scale of a few hundred meters, while the
coefficients oscillate on the scale of a few tens of microns. The practical significance of the model
appears only after homogenization. So, we have to let all dimensionless criteria a;, o, and o) to
be variable functions, depending on a small parameter &, and find all limiting regimes as ¢ — 0.

First of all, note that in the present paper we consider only filtration processes, where the
characteristic time 7 of the processes is about several months. Then

o >0 ase— 0,

and we may neglect the inertial term in the dynamic equation (0.10) and rewrite it in the form
& 8w & &
V| xfauDf x, B + (1 — xHaD(x,w) — pl ) + p°F = 0. (0.12)

Next we note that for almost all physical processes, o, ~ 0 and o, is sufficiently large. Then the
asymptotic limit of (0.11), (0.12) under the conditions

oy~ 0(82), o) —> 00 ase (0,

is the Darcy system of filtration. We say that the Darcy system of filtration is the first level
approximation of the microscopic system (0.11), (0.12). The second level approximation of (0.11),
(0.12) is the Terzaghi—Biot system of poroelasticity ([1], [15]) and corresponds to the conditions

a, ~ 0D,  ap~ 0.
Finally, even for sufficiently small oz, and sufficiently large cr; we may always suppose that
0 < Ag, o < 00, (0.13)

where

Ao = gl\rj(l)otx, Ho = ;l\r‘r(l)au-
After a homogenization procedure we arrive at equations of viscoelastic filtration ([2], [8], [11]),
which are the third level approximation of (0.11), (0.12).

It is clear that all different asymptotic models of the system (0.11), (0.12) describe the same
physical process, but with different degrees of approximation. The choice of the model depends on
the aims of the researcher.

The same method can be applied to the Muskat problem. On the microscopic level the free
boundary problem consists of the initial boundary value problem for dynamic equations (0.11),
(0.12) for the displacement w and the pressure p of the continuous medium, coupled with the
Cauchy problem

B,Of ow 0)
. .V =0, ,0) = p; , 0.14
_8t ar Pf = ,Of(iB ) = ,Of (x) ( )
o Jdw
et v S =
” + o7 u =0, u(x, 0) = uo(x)

for the viscosity u and the density o of the inhomogeneous liquid in the pore space.
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To make all ideas clear, we consider the simplest case of the problem when
pt=pn" =p.

Then the first level approximation of the microscopic free boundary problem is the Muskat problem,
which consists of the dynamic equations in the form of the Darcy system of filtration

1
v=——BY (Vps+pF), V-v=0, (0.15)
"1 ‘

for the velocity v and the pressure py of the liquid with a symmetric strictly positive definite matrix
B, and the transport equation (0.6) for the density py. In (0.15) the criterion

lim &
Mm1 = 81\1% 22
is strictly positive and finite.

The second level approximation of the microscopic free boundary problem (0.11), (0.12), (0.14)
will be called the Muskat—Terzaghi—Biot problem. This problem consists of the transport equation
(0.6) for the density of the liquid oy and the Terzaghi—Biot system of poroelasticity

ou

v—m——ilea(-f) (Vpr+ prF), V 'v—i—(l—m)a—u =0 (0.16)
=M T pr+ prF), o) =0 :

1
V. <k0 Ay D(x, u) — —pr) +pF =0, 0.17)
m

for the velocity v and the pressure py of the liquid and the displacement u of the solid skeleton.
In (0.16), (0.17), m is the porosity of the pore space, p = mpy — (1 — m)p; is the density of the
mixture of the solid skeleton and the liquid in pores, Ay is a symmetric strictly positive definite
constant fourth-rank tensor (for the definition of A and B see [8]) and the criterion Ag is strictly
positive and finite.

The last model has a submodel, corresponding to the case w1 = oo. This submodel consists of
the dynamic system

1
V. <A0A(S) :]D)(x,u)——pﬂ[) +pF =0, V-u=0, (0.18)
m

for the solid displacement u and the liquid pressure py, and the transport equation (0.6) for the
liquid density o7, where the liquid velocity is defined by

v=m 5 .
This relation formally follows from the first equation in (0.16) if we put there 1 = co. We call this
problem the Muskat problem for elastic filtration.
Finally, the third level approximation of the microscopic free boundary problem (0.11), (0.12),
(0.14) is the Muskat problem for viscoelastic filtration. This problem consists of the dynamic system
of viscoelastic filtration

V-POw) - Vp+pF=0, V- -w=0, (0.19)

t
P(O)(w) =Ag: ]D)(x, 88_1:)> + A D(x, w) +/ Ao(t — 1) : D(x, w(x, 1)) dr,
0
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for the displacement w and the pressure p of the mixture of the liquid and solid phases and equation
(0.6) for the liquid density py with v = dw/dz. Note that this transport equation may be rewritten
as the transport equation
0
% . Vp=0 (0.20)
ot
for the density p of the mixture.
To prove the well-posedness of the above mentioned free boundary problems on the macroscopic
level we must

1) prove the existence of a weak solution {w?®, p?, ,0?} to the free boundary problem (0.11), (0.12),
(0.14) on the microscopic level for every fixed & > 0,
2) perform the rigorous homogenization procedure as & \ 0.

In the present paper we do it for the Muskat problem for viscoelastic filtration under condition
(0.13). The main problem here is the limiting procedure in the nonlinear term v*® ,oji (v® = dw?/ar)
in the transport equation. Note that the liquid density p]‘i is just a bounded (and discontinuous)
function. So, we may only expect the weak convergence of the sequence { ,0;;} in Ly (827). Therefore,
we have to prove the strong convergence of the sequence {v®} in L,(§27), and this task becomes
crucial.

Notations for function spaces and norms are the same as in [6] and [7].

1. The problem statement and main results

First of all let us describe the domain 2, a solid skeleton and a pore space. We suppose that £2
is a unit cube and obtained by periodic repetition of an elementary cell €Y. In turn, the open unit
cube Y = Yy Uy UY, models a pore space, a solid skeleton, and a solid-liquid interface, such
that the connected pore space .Q]i is the periodic repetition of the elementary cell Yy, the solid
skeleton £2¢ is the periodic repetition of the elementary cell €Y , and the Lipschitz continuous
solid-liquid interface S® is the periodic repetition of the Lipschitz continuous interface ). To
avoid many technical problems, connected with a priori estimates of the solutions, independent of a
small parameter ¢, we assume that the solid skeleton is disconnected. That is, the elementary solid
cell ¥; is completely surrounded by the elementary liquid cell Yy and y N 3Y = #.

To make all proofs clearer we suppose that 1/¢ is an integer, so that always 9£2° N 082 = 0.

Next we have to complete the Cauchy problem for the transport equation (0.14). On the
microscopic level the transport equation for the liquid density is defined only in the pore space .{2;
For the exact microscopic model (see [8]) the characteristic function ¢ of the pore space is an
unknown function and is defined as a solution to the Cauchy problem for the transport equation

ox¢ ow
— V¥ =0, 7%=z, 0) = x°(x).
8t+8t X X (x,0) = x"(x)

It means that the solid-liquid interface S in the exact model is a material surface and we do not
need boundary conditions for the liquid density on S, But our basic dynamic system here is a
linear system, where ¥° = x° is a given function. Therefore the solid-liquid interface $® is not a
material surface anymore and we need a boundary condition for the liquid density on the part of S
where the liquid “enters” the pore space. To avoid this, we extend the Cauchy problem (0.14) onto
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the whole domain £2. First we suppose that the function ,OJ(CO) () is defined in £2 and
p}o)(a}) = ,o; in 271, p}o)(a}) = ,of_ inR2-, =02tue-.

Now let us look at the dynamic equation (0.12). The smoothness of the solution with respect to
time in the solid part depends on the smoothness of the term p® F' with respect to time. But p°
might be some step function, which does not guarantee the existence of dw/d¢. Therefore, instead
of dw/dr we have to consider some function v, which coincides with dw/d¢ in the liquid part and
is asymptotically close to dw/d¢ as ¢ — 0 in the solid part.

To do that, we extend the liquid velocity dw/dt from the liquid part .Q; to the solid part £f
using the extension result of C. Conca [3]: for any ¢ > 0 there exists an extension v(x, t) € W21 (£2)
of the function (dw/dt)(x, t) from .ij onto £2 such that

Xs(:c)<'v(a:, ) — aa—l:(a:, t)) =0, xxe2,t>0,

2
9
/ v dx < cf dx, / ID(x, v)[2dx < C/ ]D)(x,—w)
2 Q8 2 Q8 ot

where C is independent of ¢ and 7. In the present paper we fix this continuous linear operator from
Wzl(.Q]‘i) to Wzl(.Q) and denote it as
ow
— ), 1.2
f( ot ) ( )

and

2
dx, (1.1)

Jw

at

’U:EQ?

and, in what follows, call this function the liquid velocity.
Note that due to the continuity equation (0.11) in the domain §27 and the structure of the pore
space we may choose the extension operator such that the function v will be solenoidal:

V-v=0, (x,1)e€82r. (1.3)

For more details see [5].
Finally, we rewrite the transport equation for the liquid density as an equation for the density of
the mixture
p=x"pr+ 1= x)ps
in the form

ap _ . _ o
3t—i—v~V,0—O, (x,t) € 27; p(x,0)=p"(x), «e€Ss2,

where

p Q@) = x*pf @) + (1 = x")ps,

and v is defined by (1.2).
Now we are ready to formulate the definition of a weak solution to the free boundary problem
on the microscopic level.
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We say that a triple {w?®, p®, p°} of functions is a weak solution to the problem (FB)® if w® is
solenoidal in 27 = 2 x (0, T),

&

e 71 & dw
w" € La((0,T); W, (£2)), x°V

o ) € Ly(27), p° € Loo(£27),

p° € Ly(827), / pi(x,t)dx =0,
7,

and we have the integral identities
0
/ p8<—‘§ +0°- vg) dx dt +/ 0D (x)é(x, 0) dx =0, (1.4)
Qr ot Q
and

/ (—Xgaﬂ D(x, w®) : ID)(x, %—f) + (1 = x5y D(x, w’) : D(x, cp)) dx dt
Qr

= (p°V -+ p°F - p)dx dt, (1.5)
fr

for any smooth functions £ and ¢ such that £(x, T) = 0 and p(x,t) =0 forx € S.
In (1.4), v* is an extension of dw?®/dt given by (1.2) and

v® € Ly((0, T); Wi (2))

because 1/¢ is an integer.
Note that the integral identity (1.5) contains differential equations in the pore space and in the
solid skeleton, a boundary condition on S () and the initial condition

xé(@)w’(x, 0) = 0.

THEOREM 1 Suppose that

oF
max <|F(m, )+ |VF(z,t)| + ‘E(CB’ 1)

(x,t)e2r

>=F<c>o,

and condition (0.13) holds true. Then the problem (FB)® has a weak solution {w?, p®, p} such
that

max f (|w5|2+|v8|2+|Vw8(a;,t)|2)dx+/ |p?dxdr < C, (1.6)
0<t<T J Qr
ow® 2 e|?
max / <|Vv8|2+x€]])(x,—(:v,t)> )dx—i—/ \Y% dedt <C,  (1.7)
0<t<T J at Qr
f Vo (z, 1) — Vo' (@, )P dx < Clty — "2, 11,10 € (0, T), (1.8)
2
0 < p(, 1) <max(p;, pf, ps) = Py » (1.9)

where C = C (,08' , F, T) is independent of ¢, and

dw®
& :E & .
! 9f< a1 )
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THEOREM 2 Under the assumptions of Theorem 1 let {w?®, p®, p} be a solution to the problem
(FB)®.

() There exists a subsequence of small parameters ¢ \ 0 such that

(1) {w?®} converges weakly in L, ((0, T); W21 (£2)) and strongly in L,($27) to a function w,
(2) {p®} converges weakly in Ly (£27) to a function p,

(3) {p?} converges weakly in L,(£27) to a function p,

(4) {0w?/dt} converges weakly in L, ((0, T'); Wzl (£2)) and strongly in L, (£27) to dw/dt,
(5) {v®}, where v¢ = EQ}E (dw/at), converges strongly in L, ($27) to dw/dz.

(II) The triple {w, p, p} of limiting functions is a weak solution to the Muskat problem for
viscoelastic filtration, which consists of the dynamic equations

V- POw) -V p+pF =0, (1.10)
t

0
IP’(O)(w) =Ap: ]D)(x, 8_1f> + A D(x, w) +/ Ayt — 1) : D(x, w(x, 7)dr,
0
V.-w=0, (1.11)

for the displacement w and the pressure p of the mixture of the solid skeleton and the liquid in
pores, and the transport equation

0
_P+v.<_p) =0, (1.12)
ot
for the density p of the mixture in the domain £27.
The problem is complemented with the homogeneous boundary condition

w(x,t)=0, xS, t>0, (1.13)
and the initial conditions
wx,00=0, p0=pQn, zecn. (1.14)

In (1.10) the fourth-rank constant tensors Ag, A; and the fourth-rank tensor A;(¢) are defined by
formulas (3.7)—(3.9) below, and the tensor A is symmetric and strictly positive definite.

2. Proof of Theorem 1

We prove the existence of a solution to the problem (FB)® using the Schauder fixed point theorem,
mollifiers, and viscosity solutions. For the correct limiting procedure we have to derive a priori
estimates, independent of the parameters of approximation. First of all we approximate the density
in the dynamic equation using a mollifier with respect to time. This gives us additional smoothness
of the solutions to the dynamic equations with respect to time. Next we approximate the transport
equation for the density by a diffusion-convection equation with a small diffusion (viscosity). This
gives us additional smoothness of the density with respect to time and the spatial variables. Then
we prove the existence of a solution {0 1), %(s,n), P(s,n)} to the double approximate problem using
the Schauder fixed point theorem. To pass to the limit as § — 0 we need estimates independent
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of § (Lemma 2.2). Here we essentially use the uniform boundedness of dp(s,n)/0¢ in the dual
space L2((0, T); W, ! (£2)) and we also prove that these estimates are independent of /# and €. As
mentioned above, the smoothness of the solution must provide the convergence (at least weak) of
the product p(s,n) - v(s,n), Where v(s p) = ]EQ; (dus,n)/0t). For a fixed i > 0 the sequence {p(s,1)}
is compact in L, (£27) and the sequence {v((g,},)} is weakly compact in L, (£27). Thus, we may pass
to the limit as § — 0 and get a solution {o(), W), pr)} of the approximate problem. As a last step
we have to pass to the limit as # — 0. But the bounded sequence {p(1)} is no longer a compact set in
L»(827). Therefore, we must prove the strong compactness of {v ()} in L, (£27). The functions v )
have spatial derivatives uniformly bounded in L, (§27). So, {v (1)} is a compact set in L;(§2) for any
fixed t € (0, T'). To deduce that {v(;)} is compact in L,(£27) one needs some smoothness of v
with respect to time ([7]). But the proper dynamic equations do not provide directly this smoothness
and we must find another way, which is done in Lemma 2.2.

The proof of the theorem is divided into several independent steps.

First we solve the double approximate problem

V- P@w) - Vp+(p)sF =0 V- -u=0, 2.1)

a
a—/t)+v-V,0=hAp, (2.2)
uls =0, x‘ul—o=0, pls=0, plio=py @), 2.3)

o) €C®(2). 0<p) <pf. p) = pQ aeing,
for A > 0 and 6 > 0 in 27, and then pass to the limit as § — 0 and 7 — 0.
In (2.1), (2.2),
(€) e ou &
P (u) = x o, D| x, e + (1 = xH)anD(x, u),

1 1t ou
(,0)(5)25 tap(ﬂi,f)dL UZ]EQ_; w5 )

o(x, 1) = p(x,t) fort >0 and p(x, 1) = p;lo)(w) fort < 0.

By the properties of mollifiers the function (p)s) possesses time derivative 9((p)s))/9t € L2(827).
This fact guarantees the additional smoothness of the solution « with respect to time.

In a standard way we may define a weak solution to the problem (2.1) — (2.3) as functions u, p
and p satisfying the corresponding integral identities.

LEMMA 2.1 For given & > 0 and 6 > O the problem (2.1)—(2.3) has a weak solution.
Proof. To solve the problem (2.1)—(2.3) we set

N={o€Lr(2r):0< o(xm 1)< pg ae.infr},
and consider in 27 an initial boundary value problem for the linear system
V- (PO @) ~Vp+(0)sF =0, V- -u=0, (2.4)

with the homogeneous boundary and initial conditions (2.3) for the function w.
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The solvability of this problem is standard and follows from the estimates

omax_ I x*Dx, w2, (@) + (1 = xHDx, w22, + P 2.0 < C, (2.5)
9 9 c

max X8D<x, —“> (1) + H(l — XS)}D)<x, —“) <=, (2.6)
O0<t<T 8[ 2.2 3[ 2’97" 8

where C = C(pg , F, T).

To obtain the first estimate we multiply equation (2.4) by u and integrate by parts over §2 using
the Holder, Korn, Friedrichs—Poincaré and Gronwall inequalities (for more details see [8]). To get
the second estimate we differentiate equation (2.4) with respect to time, multiply the result by du /0t
and integrate by parts over §2, repeating the same procedure as above.

Therefore, w and v = EQ; (0u/at) are continuous linear operators of o: ©u = Py(0), v =
@ (o). In particular, '

C
max ([[v]l2,e@) + [[VVll2,2() < —Fllollz,;. (2.7)
O0<t<T é

In (2.7) we have used the Korn inequality and estimates (2.6) and (1.1).

Next we consider in §27 a linear problem for the parabolic equation (2.2) with conditions (2.3)
for the function p withv = E 25 (0u/0t) and u = @ (o). As before, the solvability of this problem
is a simple consequence of the maximum principle

0< p(x, 1) < pf  ae.infr, (2.8)

the energy equality

t
/|p(w,t>|2dx+2h/ / |Vp(a:,r)|2dxdr=/ oy (@) dx,
2 0 J2 2

and the estimate

T
max / |p<w,z)|2dx+zhf f|Vp<a:,r>|2dxdr<|p3|2 (2.9)
0<t<T Jo 0 Jo

(for more details see [6]).
For fixed & the problem (2.2), (2.3) defines a continuous operator p = ¥ (v). In fact, if p; =
¥ (v1) and py = ¥ (v3), then for p = p; — pp and ¥ = v; — v, one has

1d ~ 2 =12
= — ,D7dx +h Vol“dx =J,
2dt/9|p(m )7 dx + /ﬂl pl”dx

J=—/ ﬁsz~5dx=/p2V,5~’bdx,
2 2
h - 1 -
i< [ ofar+ i [ 1ePar
2 Jo 2h o

Thus,
+

o)
¥ (v1) — ¥ (v2) 2.0, < ﬁ o1 — v2ll2.2;- (2.10)
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Let now p = A(c) = ¥ (P (0)). The operator A is continuous in 1 due to estimates (2.7) and
(2.10), and transforms 1 into itself by (2.8). The set 1 is obviously convex and closed in L (£27).

Moreover, due to well-known properties of the solutions to the linear parabolic equation (2.2)
and embedding theorems [6], and estimate (2.7),

veLs(R2r), peWo'(@r) c HPF2(@2y).

This last smoothness property of the function p means that the operator A is completely
continuous. Applying the Schauder fixed point theorem [4] we get a fixed point p(s ) of the
operator A, which defines a solution {o(s 1), w(s,n), P(s,n)} to the problem (2.1)—(2.3), satisfying
estimates (2.5)—(2.9). O

Now we derive the basic a priori estimates, which permit us to pass to the limit in (2.1)—(2.3) as
§—>0and h — 0.

LEMMA 2.2 The solutions {p(s,n), Us,hy, Pes,h)} to the problem (2.1)-(2.3) satisfy estimates
(2.8), (2.9) for the density p(s ), estimate (2.5), and estimates

T
ous,p
max / |Vv(5,h)(:c,t)|2dx+/‘ /<|p(3,h)|2+‘v‘—)
0<t<T Jo 0o Jo ot

for the pressure p(s ), the liquid velocity vs,;) and the displacements w5 5), where the constant
C = C(,oa“, F, T) is independent of ¢, § and A.

2
)dxdt<C @2.11)

Proof. For the moment we omit the indices & and §. As noted above, the approximation of p by
(p)(s) yields additional smoothness of the solution w to the problem (2.1)—(2.3) with respect to time.
Now we prove that this additional smoothness does not depend on the small parameters ¢,  and 5.
First, we multiply equation (2.1) by du/d¢, integrate by parts over §2, transfer the time derivative
in
ou
F.—dx
/Q (0)s) a7

from wu to (p)(5)F and express the time derivative

|
—/ —p(:c, t)dr fort > 6,
t

ap)s) _)dJis0t
a1 [0
—/ —p(:c,r)dt fort < 6,
) 0 0T
using equation (2.2) in the form
dp
— =V.(hVp — pv).
” (hVp — pv)
We have
e ou 2 o) d e 2
ay | x|IDlx, — )| dx+—— | (1= x)ID(x, w)|"dx = o), (2.12)
Ie) at 2.dt Jo
where

oF
—Io(1) = Io,0(2) +/ (p)(&)(a— U) dx
Q t
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with

t
/ <1[ (hVp — pv)(x, T) dr) -V(F -u)(x,t)dx fort > 4,
) Ja\é Ji-s
Ioo(r) = |t
/ <5/ (hVp — pv)(ax, r)dr) -V(F -u)(x,t)dx fort < 4.
Q 0

Everything that we have done to get (2.12) is just a formal procedure, but we may do it rigorously
using the corresponding integral identities.
It is easy to see that for any positive y,

t t 1 1 t
/ [Io(t)|dt < y/ / [v[>dx dr + <— + —)(ng)Z/ / (IVu|® + [u|?) dx dt
0 0 Je 4y 2 0 Jo

h t t 1/2
+—/ / h|Vp|2dxdr+2pO+F</ / |u|2dxdr) )
2Jo Jo o Jo

After integrating (2.12) with respect to time and taking into account estimates (2.5), (2.8) and
assumption (0.13) one has

! . ou
[)A)x ID)(x,E(:c,r)>

t 1
<Cy/0 [Q|v(m, r)|2dxdt+C(;+1)(p(‘)"F+1)4+C(,06“)2.

2

dxdr+/ ID(x, w(z, )| dx
2

Choosing Cy < 1/2 we get

r R ou
/(; /QX D(.X,E(Il?,t)>

where C is independent of ¢, § and h.
This last estimate, estimate (1.1), and the Korn inequality imply

2
dxdr < C(pf F + D*, (2.13)

T
/ / |Vo(z, )| dx dt < C(pf F + D*. (2.14)
0o Je
Since v € Ly((0, T); Wzl (£2)) we may use the Friedrichs—Poincaré inequality

T T
/ f lv(z, t)|2dxdt<c/ / |Vo(z, 1)|* dx dt (2.15)
0 2 0 2

with a constant C independent of ¢.
Estimates (2.14) and (2.15) yield

T
f /|v(m,z)|2dxdt<C(ng+1)4. (2.16)
0 2
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Now, we repeat the same procedure for time derivatives. Namely, we differentiate the equation
(2.1) with respect to time, multiply the result by du/d¢, and integrate over §2:

@ d [ elp(y 2\[ [a—xfs( 3_U>2 _
T Q)( ]D)<x, 8t> dx + «; Q(l x)|D| x, 5 dx = 11 (?), 2.17)
L) =1 (t)+f() (g 8—”)dx
1®) =1 i ol 53, ,
1 [ ou
/(—f (hVp — pv)(x, r)dr>~V<F~—>(w,t)dx fort > §,
Ity = 172\ D= o
5 t
/(1/ (th—pv)(:c,t)dt)~V(F-a—u>(a:,t)dx fort < 8,
2\3 Jo ot
4 4 du\|> |oul?
/ |11(t)|dt<(3/+h)/ /(v(—) + | >dxdt
0 0 Jo at ot

t 1
+ (g - F)2</O [(Z(Elv|2+h|Vp|2>dxdt + 1).

Integrating (2.17) with respect to time and using the Friedrichs—Poincaré inequality

2
/ dng/
Q Q

2

a
“ dx,

vV —
at

ou

at

the Korn inequality

2 2

dx,

/Q
the evident decomposition

0 0
V—u dx < C/ D{ x, au
at Q ot
du | du |
/Dx,—u dx:/xEIDx,—u
Q at Q ot
and estimates (2.9) and (2.16) we obtain
3 2 t
a—“/xe]]) x,—u(m,t) dx+a1//(l—x‘9)
2 Q ot 0 Jo
ou
< +h>c</ X D(x, —)
Q ot

Therefore
B ou 2 r
max x° Dl x, —(x, ) dx +
0<t<T J at 0o J

The last estimate, (1.1) and the Korn inequality imply

dx,

ID)(x, 8_u>
ot

2
D(x, 8—u(ar:, r))
aT

dx dr
2
3
dx+/ (l—xs)]D(x,—u>
I?) ot

2
dxdr < C(pf F + 1. (2.18)

dx—l—/(l—xs)
2

2
dx> +C(pg - F)°.

ou
vV —
ot

max f IVo(z, 1> dx < C(pf F + 1)°. (2.19)
0<t<T Jo
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Estimate (2.11) for the pressure p follows from equation (2.1) as an estimate for the bounded linear
functional on L,((0, T); W21 (£2)) in the form

/ pV-pdxdt = [ (Pw):Dx, @)+ (o)) F - p)dxdr, (2.20)
Qr f2r

and estimates (2.8) and (2.18). O

As a last step we pass to the limit as § — 0. We do it in (2.20) and in the integral identity

]
[ (p(—w +v- w) —hVp - w) dx dr = —/ o (@) ¥ (x, 0) dx, 2.21)
2r ot 2
with arbitrary smooth functions ¢ and v (¢, and ¥ vanish at S, and ¥ vanishes at# = T).
Estimates (2.8), (2.9), (2.11) guarantee the inclusion
90s.h _
T € La((0.T): Wy (@),
and the norms of all these derivatives in L,((0, T); W, ! (£2)) are uniformly bounded with respect
to s, h and ¢.
From these estimates, the above mentioned inclusion, and well-known compactness results [7],
we may choose some subsequence from {§ > 0} such that the sequences

8u(5,h)
at

{pe.m} (Vuenl, {V } {ve,m} and {Vos n}

converge weakly in Ly(§27) as § — 0 to functions

ou U(h)
Py Vi, V and Vo)

n d
) V() = EQ;(
respectively, and the sequence {p(s 5} converges strongly in Ly(£27) as 6 — O to a function
pay- Letting 8 — 0 in the integral identities (2.20) and (2.21) we arrive at a weak solution

{wmy, pay, pw} to the approximate problem

V- @9 (um) — Vpa +pm F =0, V- up =0, (2.22)
o
% +om - Vow =hApm, (2.23)

satisfying the initial and boundary conditions (2.3).
Finally, to prove Theorem 1 we have to pass to the limit as # — 0 in (2.3), (2.22), (2.23).
To do that we derive the main a priori estimate.

LEMMA 2.3 The solutions {p@), gy, ppy} to the problem (2.22), (2.23) and (2.3) satisfy
estimates (2.8), (2.9), (2.11) and the estimate

f Vo (@, 1) — Vog) (x, 1) dx < Clty — 1]/, (2.24)
22

with a constant C independent of / and €.
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Proof. As before, we omit the index 4 for the moment. It is clear that we only have to prove (2.24).
In the same way as in Lemma 2.2 we get the integral identity

oy — " / ( (m t)) :Dx, p(x))dx = L(2), (2.25)
where
B ou
L) = —Olk/ (I—x )]D)(x, 8—(68, t)) :D(x, () dx
Q t
oF
+ /Q(Wp —pv)(x, 1) - V(F(x, 1) - p(x)) dx + /Q p(%ﬂ(g(a:, t)- so(w)> dx

which holds true for any solenoidal function ¢ € Wzl (£2).
Due to estimates (2.8), (2.9), (2.11), I € L>(0, T') and

%) 15}
/ L) dr < c/
n 141

ou
‘hIVPI + [v] + ‘V—} +1
at 2

1) dt|Vellae < Clt — Y |Velae.
2

Therefore,
9@
/fo(x —) D(x, ) dx < Clt; — 0] ? |Veplla.2.
I?) at
where
ou Bu( ) Bu( 0
—=—(x, ) — —(x, 17).
ot ot 2 ot !

In particular, for ¢ = v = v(x, ) — v(x, 1),

IVel,o <C, Vi,t€(0,T),

.
/ Xs]D)(x, —“) :D(x, ) dv < Cly — 1]/2,
o o1

But, by the definition of the extension v,

ou
D(x,?) = x°*Dl x, — ).
080210 2)

and

Thus,

ot ou ou
[ Dfx, 22):D x,—u dx:/ ‘D x, — ) : D(x, 9)dx < C|t; — 1|'/2.
o ot at 1) at

The statement of the lemma now follows from the last estimate, (1.1) and the Korn inequality. [

Lemmas 2.2 and 2.3 permit us to find a subsequence from {# > 0} such that the sequences

Ju
{pay}, (Vum)l, { SVT} {fvin}, (Vow) and {pp)}
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converge weakly in L,(£27) as h — 0 to the functions

&€

u
pt, Vu, x°V

, v%, Vof and p°f
Py P

respectively [7], and the sequence {v(;)} converges strongly in L>(£27) as h — 0 to the function
v = EQ; (0u®/0r).

In fact, to prove the last statement we fix a countable dense set (t(k)),‘:i 1 in (0, T') and choose a
subsequence from {4 > 0} such that the sequences {Vv ) (x, f))} converge weakly in L,(£2) as
h — O forall k = 1,2,.... This is possible due to estimate (2.11) and the standard diagonal
procedure. The last fact and estimate (2.24) guarantee the weak convergence in L,(§2) of the
sequences {Vvp)(x, t)} for all + € (0, T). Now we apply the completely continuous imbedding
of W21 (£2) into L»(£2) (see [7]) and conclude that the sequence {v)(x, )} converges strongly in
L,($2) forallt € (0, T). The limiting procedure in the integral identities (2.20) and (2.21) ash — 0
proves the statement of Theorem 1.

3. Proof of Theorem 2

To prove the theorem we just have to pass to the limit as ¢ — 0. One already knows how to pass
to the limit in the convection term p® - v°. But for & variable additional nonlinear terms appear,
containing the characteristic function x* of the pore space. Generally the sequence {x*} converges
only weakly in L,(§27). Therefore we cannot directly pass to the limit in the integral identity (1.5),
because the bounded sequence {D(x, w?)} may converge only weakly in L, (£27). This is the main
problem in homogenization theory and we will use the two-scale convergence method, suggested
by G. Nguetseng [10]. For this method all functions ¢ of the form ¢ = ¢(x, /¢, t), 1-periodic in
the variable y = x /¢, are already included in the class of test functions.

More precisely, the sequence {u®(x, t)} is said to be two-scale convergent in L;(§27) if there
exists a function U € Ly (§27 x Y) 1-periodic in y € Y such that

/ ufo(x, x/e, t)dx dt — / / U(xz,y,)p(x,y,t)dxdrdy
27 Y J@r

for any smooth function ¢(zx, y, t) 1-periodic in y € Y, in particular, for ¢(x,y,t) = ¢o(y) -
h(x, t), where g € Lo(Y) and h € Loo($27).

Note that if {u®(x, t)} two-scale converges in Ly (§27) to a function U (z, y, ), then it converges
weakly in L, (£27) to the function

u(@, 1) = (U)y = fY Uz, y. 1) dy.

The main result in [10] states that

1) Any sequence bounded in L (§27) contains a two-scale convergent subsequence.

2) Any sequence {uf} bounded in L,((0, T); W21 (£2)) contains a subsequence {u®} such that {u®}
is two-scale convergent in L,(§27) to a function u(x,t) € Lo((0,T); W21 (£2)) and {Vu®k}
two-scale converges to Vu(x, t) + V,U(x, y, t), where U(x, y, t) is 1-periodic in y € Y and
U, VyU € Ly(27 x Y).
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Due to the properties of the domains .Q; and £2¢ the function x° has the form x® = yx(z/¢),
where x (y) is 1-periodic (it is a periodic extension of the characteristic function of the domain Yy
in Y). Thus, the limit as &¢ — 0 in the term x® D(x, w®) becomes trivial.

As before, we divide the proof into several independent statements.

LEMMA 3.1 There exists a subsequence of small parameters ¢ \ O such that

(1) {w?®} converges weakly in L, ((0, T); W21 (£2)) to a function w;
(2) {p®} converges weakly in Ly (£27) to a function p;

(3) {p?} converges weakly in L,(£27) to a function p;

(4) there exist 1-periodic (in y € Y) functions

P(x,t,y), W(z,t,y), V(z,t,y), P, VW, VV € Lr(2r xY),
such that the sequences {p®}, {Vw?®}, {V(0w?/dt)} and {Vv®} two-scale converge to

Jw

ow ow
P, VX'LU —+ VyW, Vx <¥> + Vy(7> and Vx (E) + VyV

respectively;
(5) {0w®/dt} converges weakly in L,((0, T); W21 (£2)) and strongly in L, (£27) to dw/dt;
(6) {v°}, where v* = ]EQ; (dw?/dt), converges strongly in L (£27) to dw/dt.

Proof. The proof of the first three statements and the proof of the strong convergence of {v®} in
L, ($27) to some limit v repeats similar proofs in the previous section.

(4) This statement follows from the results of G. Nguetseng [10] and estimates (1.6) and (1.7).
We only have to prove that the weak limits of {v°} and {dw?/dt} coincide.

First of all note that if {v*} two-scale converges to the function Vy(x, ¢, y) and {Vv®} two-scale
converges to Vyv(x, t) + V, V(x, t, y), then Vo(x, t, y) = v(x, t). Thus, the sequences {v*} and
{ow?/dt} two-scale converge to v(x, t) and (dw/dt)(x, t) respectively. Taking now the two-scale

limit in the equality
x [ dw R 0
— — v =0,
X e ot

Jw )
X(y)<¥(w’ 1) —v(x, t)) =0 ae.in27 x7Y,

we arrive at

which proves (4) and, at the same time, the first statement in (5). To prove the second part we use
(6), (1.7) and the Friedrichs—Poincaré inequality [8]:

2

dwe 2 9we 2 Yt
/ W dx:/(l—xs) Wt dx<82C/ vZ 1 £ ver?) dx.
2| ot 2 ot o ot

We have
dwt  dwl? Jw® 2 2
f wo_n dxdt:/ Yo dxdt—i—/ vt — 280 dxdr
op | 0t ot or o ot
2 dw 6‘2
<eC+ — —v°| dxdt. O
0| ot
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LEMMA 3.2 The limiting density p satisfies the transport equation (1.12) in the form of the integral
identity

[ 57w e o
o 2+ 22 . ve) dedr 4+ | p@ (@) E(x, 0) dx = 0 (3.1)
Qr at Jt Q

for an arbitrary smooth function & with £(x, T) = 0.

This statement becomes trivial due to the previous lemma.
The proofs of the following three lemmas may be found in [8].

LEMMA 3.3 The limiting functions p, p, w and W satisfy in 27 the system of macroscopic
equations

V, PO _vp+pF=0PO= Py, (3.2)

~ 9 £) %%
P = nox(y) (ID)(x, 8—1:)) + D(% ?» + 201 = x () D(x, w) +D(y, W)),
V.w=0, (3.3)

where |
DO W) = S (VW + (BW)),  (U)7 = /Z U(y) dy.

LEMMA 3.4 Foralmost every (x, t) € 27 the limiting functions w, W and P satisfy in ¥ x (0, T")
the system of microscopic equations

V,-P-V,P=0, V,-W=0. (3.4)
LEMMA 3.5 The limiting stress tensor P() has the form
©) dw !
P (w) = Ag : D x, s + A D(x, w) + Ayt — 1) : D(x, w(x, 7)dr,
0
where the fourth-rank constant tensors Ay, A, and the fourth-rank tensor A;(¢) are defined by

formulas (3.7)—(3.9) below, and the tensor A is symmetric and strictly positive definite.

Proof. We just outline the scheme of the proof. It is enough to express D(y, 9W /d¢) and D(y, W)
through D(x, dw/dt) and D(x, w) using equations (3.4). Namely, we look for the solution to the
system (3.4) in the form

3 t
W = 2/ WD (y, t —1)Z;;(x, 7)dr,
i,j=170

3 t
P= Z/ P (y. 1 — 1) Zij(x, 1) dr,
i,j=170
where

a
Z= H0D<x, 8—1;’) — D w),  Zij=ei - (Z-e)),

and (e, ey, e3) are the standard Cartesian basis vectors.
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Then the functions W and PU/) satisfy in ¥ x (0, T) the periodic initial boundary value
problems

JW i) y y
Vy - <xuoID><y, o ) +20(1 — x)D(y, WD) — P<”>JI> =0,

v, W =, 3-5)

Xx@WD(y, 00 = Wi (y),
Yy - (x(moD(y, W) + 1% — P{P 1)) = 0

. . (3.6)
v, wi =, / x W ) dy =0,
Y
where 2 J@) = e; ® ej + e; ® e;, and for any vectors a, b and c the matrix a ® b is defined by
(@a®b)-c=a(b-c).
Therefore,

@ij)
(D(y, W(])YJZIJ+Z/< < aV‘/]>(y,t—t)> Zij(x, ) dr
Yy

3
i, j=1 i,j=1
3

(DG, Wiy, ®19)) . Z

(1)
/<< ( ' )(y,r—r»y ®J“J>>:Z(:c, r)de
i,j=1

3
= Y (o Dy, W)y, ) : D( a;f)

—ko Y (DG, W)y, @) : Dix, w)

i, j=1
@)
+ 1o Z/(< < m)(@/,f—f)> ®J(”)) (x 8—w>(a: 7)dt
Y ot
i,j=1 F
@ij)
— A0 Z / (< ( W )(y,r—r)> ®J<"/>> : D(x, w)(x, 7) dt,
i,j=1 ot Yf

DO Wy = 3 / Dy, WD)y, 1 — 1)y, Zij (@, 1) de
i,j=1

t
= o Z / (D(y, W“-”)(y,t—r)m®J<"-">>:D(xﬂ—f)(m)dr

ij—l 0

S f (D, WD)y, 1 = 1))y, 1) : D(x, w)(x, 7) d,

i,j=1
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and
3 .. ..
Ao=m Y JD g W 1B, (3.7)
ij=1
Ay =20l —m) Y TP @I —10Bo + 1oB1(0), (3.8)
ij=1
d
A = Mod—tﬁl(t) — B (1), (3.9
where
Bo= Y (noD(y, Wo'))y, ® 10,
ij=1
3. /d . y N
Bi() =) (amD(y, WD)y, (1) + ho(D(y, WD)y, (r)) ® J. 0
ij=1
Conclusions

In the present paper we have shown how to model some physical processes using modern methods
of the mathematical analysis. We started with the free boundary problem for a joint motion of two
immiscible incompressible fluids on the microscopic level. Theoretically this mathematical model
is the most suitable; however it has no practical value, because we have to solve the problem in
the physical scale of several hundred meters, while the coefficients oscillate on the physical scale
of some microns. The practical value of the model appears only after homogenization. In turn, the
homogenization has at least three levels approximation, which depend on the dimensionless criteria
of the physical problem. The first level approximation is the well-known Muskat problem. The
second level is the Muskat—Terzaghi—Biot problem. Finally, the third level approximation of the
free boundary problem on the microscopic level is the Muskat problem for viscoelastic filtration.

Under certain conditions on the dimensionless criteria of the physical problem we have proved
that solutions of the free boundary problem for a joint motion of two immiscible incompressible
fluids on the microscopic level converge to the solution of the Muskat problem for viscoelastic
filtration as the small parameter of the homogenization tends to zero.
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