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Abstract

In this paper we discuss a model describing the global behavior of the two-phase in-
compressible flow in fractured porous media. The fractured medium is regarded as a porous
medium consisting of two superimposed continua, a connected fracture system, which is as-
sumed to be thin of order £, where J being the relative fracture thickness, and an e—periodic
system of disjoint matrix blocks. We derive the global behavior of the fractured medium
by passing to the limit as ¢ — 0, taking into account that the permeability of the blocks is
proportional to (£6)2, while the permeability of the fractures is of order one and obtain the
corresponding global §—model, i.e., the homogenized model with the coefficients depending
on the small parameter §. In the )—model we linearize the cell problem in the matrix block
and then by letting 6 — 0 we obtain the macroscopic model which does not depend on ¢
and § and is fully homogenized in the sense that all the coefficients are calculated in terms
of given data and do not depend on the additional coupling or cell problems.

Keywords: homogenization; incompressible; two-phase flow; double porosity media; thin frac-
tures
AMS Subject Classifications: 35B27; 35K65; 35Q35; 74Q15; 76M50; 76S05

1 Introduction

A naturally fractured reservoir is a reservoir that contains fracture planes distributed as a con-
nected network throughout the reservoir. This type of porous medium is frequently encountered
in hydrology and petroleum applications, for instance the sedimentary rock that composes a
hydrocarbon reservoir. The fluid flow mechanism in such reservoirs has been known to be sig-
nificantly different from that of an ordinary, unfractured reservoir. Specifically, the flow occurs
as if the reservoir possessed two porous structures, one associated to the porous rock, and the
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other one to the system of fractures. Accordingly, a naturally fractured reservoir is considered as
a porous medium consisting of two superimposed continua, a discontinuous system of periodi-
cally distributed matrix blocks surrounded by a connected system of thin fissures. Characteristic
features of fractured rocks are that the volume occupied by the fractures is much smaller than
the volume of the pores; the matrix keeps most of the fluid while the fractures are notably more
permeable (see [1]). The fluid exchange between matrix blocks and fractures is a microscale
process whose strong influence on the flow must be embedded in a large scale flow description.
The macroscopic behavior of fluid flow in such porous media is described by the so-called dou-
ble porosity model which was first derived experimentally as a physical notion and described by
several authors in the engineering literature ( [1,2]). In the standard double porosity model one
assumes that the width of the fractures is of the same order as the block size. However, the model
of [1] assumes that the measure of the fracture set is small with respect to the measure of the pore
blocks. One of the approaches in modeling such problems is therefore to consider the thickness
of the fractures as an additional small parameter. In this work we consider a double porosity type
model for incompressible two-phase fluid flow in a porous medium with thin fractures.

The first contribution on the derivation of the double porosity model for two-phase flow
in a fractured medium is [3], where the effective equations of the double porosity model are
established by formal technique of asymptotic expansion for the cases of completely miscible
incompressible flow, and immiscible incompressible two-phase flow. The double porosity model
for immiscible incompressible two-phase flow in a reduced pressure formulation is rigorously
justified by periodic homogenization in [4]. Another result on the two-phase incompressible im-
miscible flow in fractured porous media is established in [5]. For the displacement of one com-
pressible miscible fluid by another in a naturally fractured reservoir, the double porosity model
was rigorously derived in [6]. Furthermore, [7] and [8] study the existence of weak solutions for
the two models of the immiscible two-phase flow in fractured porous media.

The method involving only one small parameter € in modeling of the thin structures, now
known as method of mesoscopic energy characteristics, was proposed by E. Khruslov (see,
e.g., [9]). The method of two small parameters in modeling of periodic thin structures has been
widely used in the mathematical literature (see, e.g., [10, 11]) and applied to various linear ellip-
tic problems. However, all these works study problems with the coefficients which are uniformly
bounded and elliptic with respect to the small parameters. The first result on homogenization of
a linear double porosity problem in the case of thin fissures was obtained in [12] where the thick-
ness of the fissures as well as the order of the permeability in the matrix blocks were modeled by
one small parameter €. That result was recently generalized in [13] where several applications
were studied. The method of two small parameters € and § for the linear double porosity model
was proposed in [14] and then used in [15] for the homogenization of a degenerate triple poros-
ity model with thin fissures and in [16] for the homogenization of a single phase flow through
a porous medium in a thin layer. Most of these results were presented in the review paper [17].
The nonlinear elliptic double porosity type problem in domains with thin fissures was studied
in [18]. The main feature of the double porosity models with thin fissures, compared to the stan-
dard double porosity models, is that such models do not contain any coupling between the meso-
and macro-scale through the coefficients that depend on additional cell problems.

This paper contains a new homogenization result for the system modeling immiscible incom-
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pressible two-phase flow in a periodic fractured porous medium with thin fractures, modeled by
two small parameters. The first one, ¢, stands for the periodicity of the structure, and the second
one, 9, describes the relative thickness of the fissure system. The scheme of the derivation of the
resulting macroscopic model is as follows. In the first step we pass to the limit as ¢ — 0 and
obtain the homogenized system (9). This passage is a well known result which was rigorously
justified in [4,5]. Notice that the homogenization process is finished at this step. We obtain the
global model but with the coefficients depending on a small parameter 9. In order to simplify
the asymptotic analysis with respect to  we introduce a second, "heuristic" step, concerning a
linearization of the cell problem (17) in the global )—model. The idea of this linearization comes
from the paper [19] by T. Arbogast. However, the obtained simplified system is not equivalent
to the —model (9). We underline that our goal is to study the linearized system and not the
nonlinear one. Finally, in the third step we pass to the limit as § — 0 in the simplified )—model
in order to obtain the desired global model with the coefficients that do not depend on € and ¢. In
this study we make use of the known result from [17] (see Lemma 2 below). However, the pas-
sage to the limit in our case is much more difficult than in [17], where it was done for the linear
elliptic equation. The main difficulty concerns the fact that we pass to the limit in a nonlinear
degenerating integro-differential equation. This result is new in the homogenization theory.

The paper is organized in the following way. In Section 2 we set up the problem which
describes the model on the mesoscale (the Darcy scale) with the coefficients depending on € and
0. Then in Section 3 we present the global double porosity 6-model which has been derived
earlier in [4], [5] from the mesoscopic problem and we present a derivation of the imbibition
equation. Section 4 is devoted to decoupling the global J-model from the system defined on
a matrix cell: following [19], we linearize the imbibition equation and estimate its asymptotic
behavior by using the Laplace transform. The passage to the limit as 6 — 0 in the global
double porosity 6-model is performed in Section 5. Namely, in Subsection 5.1 we obtain the
a priori estimates for the weak solutions of the problem with respect to the space and time
variables and establish a necessary compactness result. The main difficulty in derivation of
uniform a priori estimates is in treatment of the convolution term. In this paper this term is
estimated without an additional step of discretization of the time derivative. Finally, Subsection
5.2 exhibits the global fully homogenized model for immiscible incompressible two-phase flow
in double porosity media with thin fractures. Namely, in the limit as 0 — 0 we obtain the
integro-differential system with constant effective coefficients which are defined in terms of the
mesoscale parameters, and with an additional non-local in time source term of the convolution
type describing the impact of the mesoscale matrix-fracture fluid exchange on the global flow
behavior.

Up to our knowledge this is the first rigorous justification of fully homogenized double poros-
ity model in the framework of the two-phase flow in a reservoir with thin fissures system.

2 Mesoscale model

We consider a bounded Lipschitz domain Q C R? (d = 2,3) with a periodic structure which
is a union of disjoint cubes congruent to a reference cell Y = (0,1)% The reference cell Y



2 MESOSCALE MODEL 4

consists of two subdomains, corresponding to the two types of rock - the matrix, and the fractures.
Moreover, we suppose the relative fracture thickness to be of order J, where 6 > 0 is a small
parameter. In particular, we use the standard Warren-Root model which assumes that Y consists
of an open cube Y,° with edge length 1 — §, centered at the center of Y, completely surrounded
by a connected fracture subdomain Y, with a piecewise smooth internal boundary I’ between
the two media in Y. Therefore itis Y = ¥, U UY}, where [Y}| = O(6) so that |[Y/| — 0 as
§ — 0. The outward unit normal vector to Y,° is denoted by v/°.

The periodic structure of a reservoir is depicted by a small parameter € > 0 representing the
characteristic size of the heterogeneities with respect to the size of (2. Accordingly, for ¢ > 0 the
domain €2 is assumed to be covered by a pavement of cells €Y. For § > 0let 1, (y) and 14 (y) be
the characteristic functions of Y;ﬂ and Yf, respectively, extended Y —periodically to the whole R4,
The system of the matrix blocks in €2, the fractured part of {2 and the matrix-fracture interface
are denoted by Q29 Q?‘s and I'*°, respectively. For simplicity, we assume that Q5:° N 9Q = .

Qs,é
| £ § ¢
1
Q‘}"S = } vy Y?
1_‘575 Tgé 1 ~ T(5/2
Kt— 1"5
1 %

(a) (b)

Figure 1: (a) The domain (2 with the mesostructure.  (b) The reference cell Y.

We should point out here that in our starting mesoscopic model the fractures are represented
as a porous medium with rock properties radically different from those of the matrix blocks. In
particular, they are not represented as an empty space filled with the fluids. For an example of a
numerical simulation over 3D matrix-fracture structure described here see e.g. [20].

The domain boundary 0€2 consists of two parts, I';,; and I';,,,,,, such that I';,; N 'y = 0,
0Q = I'yy; U ly,. We will use the following notation: ¢ = f,m and Qr = Q x (0,7),
Oy = Q7" x (0,7), T3 =T x (0,T), where T' > 0 is fixed.

In this work we study the incompressible two-phase flow in the porous medium €2 over the
time interval (0, 7). Let S5° o g SZZ‘Z =1- S;’i be the saturations of the wetting and

w,l?
the non-wetting phase in ng, respectively; A\, , = )\wvg(Slf’(s), Anp = )\mg(Sj’(s) be the relative
P;’? be the
pressures of the wetting and the non-wetting phase in QZ’%, respectively. Finally, let ®*°(x) and

mobilities of the wetting and the non-wetting phase in ijp, respectively; let P

w, 0
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K= (z) be the porosity and the absolute permeability tensor of the porous medium €2 set by

o [ ®F  inQF o | KT in Q%9
o) M T and K@) T
, in Q07 (€6)* kI in Q7

where [ is the unit tensor.
The mass conservation equations for the individual fluid phases in the subdomain QZ%, =
f, m, are given by:

°09,57° +divg), =0, —0°9,S7° +divq} =0, )

with the velocities of the wetting and the non-wetting phases qife’ qii defined by the Darcy-
Muskat’s law (see, e.g., [21-23]):

€ ef € €, £, g,0 def € €, €5
@55 K (@) Ao (S)VPES, a0 K () Ao (S5°)V P, 3)

w,l T w, )

where, for simplicity, the gravity effects are neglected.
The system (2)-(3) is closed by the capillary pressure law in each of the medium subdomains,

PA(ST7) = Pt~ P

w,l?

(= f,m, 4)

where P,/ is a given capillary pressure-saturation function.
Due to (1), (3), (4), the system (2) is now written in the subdomain Q;‘ST as

©;0,57° — ky div (Ao s (S7°)VELS) =0,

5
— 00,57 — ky div (Ao s (S7°)VPS) =0, )

with the capillary pressure law: P, f(S;’(S) = PZ:? - Pi’f;, and in the subdomain Qi,fT as
D,,0,55" — (£0)* Ky div (A (S2))VPS0,) =0, ©)

—®,,0,55" — (£0)? ki div (A (S5 )V P22 ) =0,

with the capillary pressure law: P, ,,(55°) = Poo — P29 .
On the matrix-fracture interface I the phase fluxes and pressures are required to be contin-
uous. The boundary conditions for the system (5) are given by:

Py = Pyrand Po§ = Pyron Ty x (0,7), o v = v =00n Ty x (0,7), (7)

w,f

where v is the unit outward normal vector to J§2, and P, p, & = w, n, are given phase pressures.
The initial conditions read:

S;"s(x,()) = S?(x) in Qifs and  S%°(x,0) = SO () in Q°. (8)

Let us now state the following assumptions on data.
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(A.1) The porosity coefficients 0 < ®;, ¢, < 1 are constants independent of ¢ and 9.
(A.2) The absolute permeability coefficients 0 < k¢, k,,, are constants independent of ¢ and 9.

(A.3) The capillary pressure functions satisfy for £ = f,m: P,, € C'((0,1;R"), P/,(s) < 0
in (0,1], P.,,(0%) = P. ¢(0") € (0,00], P.¢(1) = 0. Furthermore, the initial data (8) are
consistent in the sense that P.,,(S),) = P, ;(S}) in Q.

(A.4) The relative phase mobility functions satisfy A, s, A\ne € C([0,1]; RT), Ay 2(0) = A\ o(1) =
0; 0 < Ay Ane < 1in [0,1]; Ay is an increasing function in [0, 1] and A,/ is a de-
creasing function in [0, 1]. Moreover, there is a constant L, such that for all s € [0, 1],

Ao(8) € Auo(s) + Ane(s) = Lo > 0.

The known theory (see, e.g., [24-26]) gives the existence of at least one weak solution to the
problem (5)-(8) for fixed ¢ > 0, § > 0 under the conditions (A.1)—(A.4) and some supplementary
regularity of saturation functions (see [25]). Notice that in [24] the existence of the solution is
shown under the assumption that the total velocity field is given. In [25] the existence of fully
coupled system is proved with homogeneous Neumman boundary conditions and the hypothesis
on the capillary pressures that are more relaxed than (A.3), see [25], Assumption 2. Finally, the
existence theorem in the case of compressible fluids is proven in [26] under additional assumption
on Holder continuity of the inverse of the function /3, defined in (23).

3 Global double porosity /-model

In the case when the typical size of the fractures is of the same order as the matrix block size,
i.e. when § = O(1), the homogenization process as ¢ — 0 for the mesoscopic model (5)-(8)
has been studied by formal homogenization techniques in [27-29], and rigorously in [4] and [5].
More precisely, in [5] the homogenization procedure for problem (5)-(8) with a fixed 6 > 0
as ¢ — 0 was rigorously justified by using the notion of the two-scale convergence [30]. In
this work various, rather strong assumptions were posed on the data which exclude appearance
of one-phase zones and thus degeneracy of the system. On the other hand, the same type of
result for the problem (5)-(8) in the global pressure formulation was established in [4] under
an assumption of continuity of the saturations and the global pressure at the matrix-fracture
boundary, but including possible one-phase zones.

We present now the global double porosity -model which was derived in [27], [4], [5] by
keeping 0 > 0 fixed while passing to the limit as ¢ — 0 in the mesoscopic problem (5)-(8).
Namely, the global double porosity J-model reads:

°9,57 — div (K™ Ay (SHVPS ;) = Q) in Qr,

9
—3°9,57 — div (KA, f(SHVPS ;) = Q% in O, ®

with the capillary pressure law: P, ;(S%) = P, — PJ ; in Q. The boundary conditions for

w
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system (9) are given by:

qu;,f = Pw,l" and ngf = Pn,l" on Finj X (07 T)’

10
Al v=ql - v=>0 on Ly, x(0,T), (10)
where
duy = ~K" A (SHVEL, and ap = —K*A, 1 (S7)VE, (1)
and the initial condition reads:
S9(z,0) = SY(z) in Q. (12)
The effective porosity ®° is given as:

o, :Y{;‘| —6dd; 4+ 0(5?), (13)
where |Y;? | and |Y}| denote the measure of the set ¥, and Y7, respectively. K** = (K;é) is the
effective permeability tensor given for¢,7 = 1,...,d by:

o def K
K h [ [0 ve] (94 + o] dn 4
¥
with e; being the j—th coordinate vector. The function 5’?, j=1,...,d,1is a Y-periodic solution

of the cell problem:
—AE =0 Y}, (V,&+e) =0 onI” (15)

The matrix-fracture source terms Qi and Q° are given by:
Q0 (1) ]Y5| / 0,88 (z,y,t) dy = —Q° (, 1), (16)

where the function S?, is the matrix block saturation defined below.
To each point = € (2 there is an associated matrix block congruent to Y;2. For any z € () the
flow equations in a matrix block Y,° x (0,7 are:

D,,0,50, — 6%k, divyy (A (S2)Vy P 10)
— 8,050, — 6%k divy (A (S9)Vy P2 )

> (A7)
0

completed by the capillary pressure law P.,,(S2) = ngm — P£7m. On the interface I’ in Y we
have the continuity conditions for the phase pressures and fluxes. The boundary conditions are

P£7m(x,y,t) = P£7f(x,t) and Pf;m(ay,t) = P,f’f(x,t) on O x I’ x (0,7). (18)
Finally, the initial condition is

SO (2,,0) = S (x) in Q x Y2, (19)
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The existence of weak solutions of the global d-problem (9)-(19) is a consequence of the
homogenization result in [4,5] and it has also been studied in [8].

It can be seen, as in [11], that there exist positive constants l%,ln, l%fn such that the effective
permeability tensor K*° satisfies for any & € R? :

EL 1€ < 6T RE € < B2 € (20)

Following [11], Chapter 2, the asymptotic behavior of the homogenized permeability tensor K*

with respect to J is given by
*,0

iy * 770
|ng5’ = Kij + Kij7 21

where K, — 0 and |Y}| = dd + O(6?). The tensor K* is calculated as (see [11])

d—1
K= k1 with k" = ——k;, d=23, (22)

The problem (17)-(19) can be simplified due to the constant in ¥ boundary conditions by
eliminating the matrix phase pressures as follows. Let us introduce the functions

Buls) = /05 an(€)de,  where ay(s) %

Lemma 1. Let S° (x,y,t) be the solution of the cell problem (17)-(19). It holds:

]PC’I(S)L for ¢ = f.m. (23)

0180, — 0% ki Ay (S2) =0 in Qp x YV

24
SO (r.y.t) = P(SUr, 1) on O xT9,  S0(2,,0)= 80(x) mQxYi D

where the function P(s) o (P o Peg)(s)

Equation (24), is known as the imbibition equation.

Proof. Let us first introduce the global pressure P? in the matrix block (see [22,31]) by

1 _ pd ! An,m(g) / 1) _ pd ! /\w,m(g) /
Pw,m - Pm _/S Am(ﬁ) Pc,m(g) dév Pn,m - Pm +/S >\m(§) Pc,m(g) d£> (25)

where the total mobility function )\, is defined in (A.4). From the boundary conditions (18)
at the interface I'° we immediately get (24),. Since the function S° does not depend on  on
Qr x T, it follows that the global pressure P°. does not depend on y on €2 x T'°. Therefore,

[ [
m m

P (z,y,t) = P2 1(z,t) on Qp x I, (26)
By summing the two equations in (17) and by applying the definition of P2 we get ( [22,31])

—6% ki div (A (S,)VP2,) =0 in Qp x Y2, (27)
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and by multiplying the equation (27) by P? — P,‘;’r and integrating over Q7 x Y, using (26)
and (A.4) we obtain:

0=0%k, / A (S2) |V, P2 |2 da dy dt > 6% k,, Lo / IV, P |2 dx dy dt,
QrxYp, QrxY?
which gives
V,P =0 ae inQpxY?. (28)

This result allows us to reduce the two equations in the problem (17) to only one, as an-
nounced. Namely, by taking into account (28) and the identity

Mo (Sm) VP = A () VP, = VB (Sp,),

from (17); we establish (24),. This completes the proof of Lemma 1.
O

Let us point out that the matrix-fracture source terms Q% Q° of the system (9), given in
an implicit form by (16), involve the function S° which is a solution of the local boundary
value problem (24), which is coupled with the global problem (9)-(12) through its boundary
condition. This feature of the system (9)-(16), (24) is captured by the concept introduced in [28]:
the homogenized system of equations is said to be fully homogenized if it does not involve
the unknown functions which are defined as the solutions of the coupled local problems. The
global §-problem (9)-(16), (24) is not fully homogenized in the said sense. The purpose of the
succeeding sections is to express the source terms Q% , Q° in an explicit form by decoupling the
global system (9)-(16) from the local problem (24). This will be done by passing to the limit
as 0 — 0 in the system (9)-(16), (24) and thereby establishing the fully homogenized model.
Following the idea of [19] we will first linearize the imbibition equation (24) and perform the
asymptotic analysis of the linearized imbibition equation.

4 Linearized imbibition equation

Our next step is to simplify the matrix cell problem (24) by introducing a linearized version
of that problem. This is a "heuristic" step, as explained in the Introduction. As suggested by
Arbogast in [19], we consider a function 1), () such that

Um = i (Sp,)- (29)

Moreover, we assume that there are constants 1), 1™ guch that for any = € Q it holds

0 < Y™ < () < Y™ (30)
Thus we replace the imbibition equation (24) by its linearized version

$,,0,92, — 6%k b (2)A,S2, =0 in Qp x V2,

31
So.(x,y,t) = P(SH(x, ) on Qp x T, SO (2,9,0) = S%(x) inQxYP. 1)
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The particular choice of function 1), was proposed and validated in [19]. The numerical
simulations were performed for exact and linearized models and the computational results show
that the linearized model is computationally less complex while essentially without significant
loss in accuracy compared to the exact model. We point out that in some settings, as in water-oil
systems relevant for the petroleum industry, where the matrix is not fully saturated by water,
hypothesis (4.1) is a reasonable approximation in the case of a special relation between the
capillary pressure function and the phase mobilities. For instance, by using the well-known
Brooks-Corey capillary pressure model P.,,(S) = P;S~'/* and Corey-type phase mobilities
models Ay, (S) = 5% A\um(S) = (1 — S)P, where P, is the entry pressure, ) is the pore size
distribution index and «, 5 > 1, with @ = —1/X — 1 and for A\ small enough, one obtains the
function «,,, which has values near to a constant for all values of S of interest. Small values of
A correspond to the heterogeneous soils with a wide range of pore sizes. An existence result for
the model (9)-(16), (31) is proved in [7].

In order to analyze the behavior of S° as § — 0 we replace the parabolic problem (31) by
an elliptic problem by use of the Laplace transform £. Let S (z,y,t) be the solution of the

linearized problem (31). We denote for A > 0: s° < £(39).

By using the basic properties of the Laplace transformation, it follows easily that the function
s® (x,y, \) satisfies the following problem:

AD,, 82 (2,9, A) — P knthm (2) Ay S, (2,9, \) = ©,5° (z) in Qx Y,

(32)
80 (1Y, \) = E(P(Sfc) )(z,A) on QxTI?.
Introducing the associated auxiliary problem with constant boundary data:
A, U (2,9, A) — 6%k () Ayl (2,y,A) =0 in Q x V2, (33)
u(z,y,\) =1 on QxTI?
it is easy to see that the solution s, of (32) is given by
1
S, A) = 5 S (@) + 0 (@5, A) L(P(Sf(2,1)) = S5 () ). (34)

The matrix-fracture source terms Q5 Q° are given by (16) in which S° is the solution of
nonlinear imbibition equation (24). We define simplified matrix-fracture source terms qu, QfL by
introducing solution an of linearized imbibition equation (31) into (16).

From (16), using (34) we obtain

~

QO (x,t) = —% £_1()\£(73(S?(m,t)) — SS,L(:(;)) /

Y

u’(z,y, )\)dy) . (35)

In order to estimate the asymptotic behavior of qu as ¢ tends to 0, we need to estimate

asymptotically in ¢ the integral term / u5(x, y, A)dy in (35). Slightly modifying the proof of
Y,

Lemma 7.2 from [12], we have:
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Lemma 2. For any x € €, let u’(z,y, \) be the solution of the problem (33) with parameter x.
Then it holds as 0 — 0, uniformly in z,

[/5 ul(z,y, \)dy = QdV_MQC’”_ (1+0(1)). (36)

Finally, from (35) and (36), by applying the basic properties of the Laplace transformation,
we obtain the following result.

Corollary 1. The simplified matrix-fracture source terms qu, Q,‘i satisfy

Q0 (w,t) = 0, | (P(S5) = P(SD) *w’](x,t) = —Q0(z, 1), (37)
where we denote
W (2, t) E DX ()72, DX (x) E 8 [Cal) /Y] + 0(1)] . Crn(x) E 2d\/Tpiion i (2) /7,
(38)

and x denotes convolution with respect to time.

Note that for all x € €2 and sufficiently small § it holds

D°(z) <26 C™™ O™ = 2d\/D,, kppthma [\/T. (39)

5 Passage to the limit as 0 — 0

In order to derive the fully homogenized model we need to pass to the limit as 6 — 0 in the
problem (9) with corresponding boundary and initial conditions. However, we will not make the
asymptotic analysis of the full system (9), but only of the system in which the nonlinear matrix-
fracture source terms Q2 | Q° are replaced by simplified matrix-fracture source terms Q% | Q% for
which the asymptotic behavior is given by Corollary 1. This passage is performed rlgorously
by establishing uniform in 4 estimates and the compactness criterion for the sequence {Sff}(bo).
We start by transforming the system (9) by employing new variables: the global pressure P‘}
and a "complementary pressure" 9?. First the global pressure P‘} in the fractures is inducted
analogously to (25) by

() L YA€)
P =P _ S p dé. PS,=PS SS) p de. 40
w, f f /S}; )\f(g) c,f(f) 57 n,f f + /S? )\f(é) c,f(f) 6 ( )

A "complementary pressure" ch is defined (see [7]) by

5 def ﬁf(sf) (41)

where 3y is defined in (23). We denote ¢} = 3;(1) and the inverse function

S =By(05) € B;1(6%) for 0.< 65 <4 42)
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Note that By : [0,6%] — [0, 1] is a continuous and monotone increasing function.
Finally, the system (9), with simplified matrix-fracture source terms, in terms of the global
pressure and the complementary pressure reads:

div (Af(S)KVP}) =0 in Qr,
°9,5F — div (K (A (SHVO} + A s (SHVPE) ) = Q) in Qr, (43)
Sfc = Bf(ﬁfc) in Q.
The boundary conditions for the system (43) are given by:
P‘} =Pr and 9? =6 onI',; x (0,7),
K*’é)\f(Sfc)VPéf v =0onTI,, x(0,7), (44)
K0 (Af(S$)VO3 4+ A (S5)VPE) - v = 0 on Ty x (0, 7).
The initial condition reads:
9?(1‘, 0) = 6%(x) in Q. (45)
The boundary and initial data Pr, 6 and 9? in (44) and (45) are given by the corresponding

) ) £
transformations of the functions P, r, P, r, Sf.r o P fl(Pn,p — P, r) and SJQ.

Now we state the rest of the assumptions on the data which will assure the existence for weak
solutions of the problem (43)-(45).

(A.5) The boundary and initial data satisfy: Pr € L*(0,7; H'(Q)), 6r € L*(0,T; H'(Q)),
d:0r € L' (Qr), 9? € L*(0),0<60%0r < 07 a.e. in (.

A weak solution of this problem is defined as follows. Let 1/ o

{ue H(Q),u
Definition 1. A weak solution to the system (43)-(45) is a pair (P‘}, 9?) such that
P — P e L*(0,T;V), 0% —6r € L*(0,T;V), 0<0} <05 ae inQp, S§=B(6),
8, (2°5F + (P(S}) — P(SP)) *w’) € L*(0,T; V'),

forany ¢, € L*(0,T;V)

Ling — 0}

/ Af(SHKXVPS - V¢ da dt = 0, (46)
Qp

/0 (0 (D75 + (P(S3) — P(SD) ), o)t

(47)
+/ K (Ap(S3)VO5 + Ay s (S5)VP}) - Vipda dt = 0.
Qp
Furthermore, the initial condition is satisfied in the following sense:
forany ¢ € L*(0,T; V)N W0, T; LY(Q)) such that (-, T) = 0 in ,
T
/ (0(P°S) + (P(S)) — P(SD)) *w’), p)dt
0
(48)

—i—/ﬂ (®°(S3 = S9) + (P(Sh) — P(SD) *w’) ypdadt = 0.
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The existence of a weak solution from Definition 1 under conditions (A.1)—(A.5) follows
from the result of [7], Theorem 1. Our goal is to pass to the limit as 6 — 0 in the system
(43)-(45).

5.1 Uniform a priori estimates

First we establish the following uniform estimates.

Proposition 1. Let 6 > 0. Let (P‘}, 9;50) be a weak solution of the problem (43)-(45). The following
estimates, uniform with respect to 0, hold:

PGl z20,msmt ) + 103 | 220,131 () < C, (49)
1
||5 O (@253 + (P(S3) — P(SY)) *w’) || 2oy < C. (50)

Proof. We first insert ( = P‘} — Pr into the equation (46). This yields
/Q Ap(SHK VP da dt = /Q Ap(SHK*VP} - V P da di. (51)
T T

Taking into account the representation (21) of the tensor K*°, we get

1
/ Ap(SHKX|VPS|? do dt = v Jo )\f(Sfc)K*’5VP‘} -V Prdrdt — / Ar(SHK VPP dadt,
QT QT
and by applying (22) and (A.4), we finally obtain ||VP |20y < C, with a constant C' which is
independent of 9.

Now we choose ¢ = 0? — O in (47). This yields

/T@t(qﬁsg + [(P(S9) = P(S9)) * w’]), 05 — Or)dt

0

+ / KO\ (S5)V65 - V6§ dudt + / KXy 1 (S3) VPG - V03 dwdt (52)
Qr Q

T

= / K*°\;(53)V6} - Vor dzdt + / K\, (S3)VP} - VO dadt.
Qp

Qr
The integral terms in the equality (52) are denoted by X1, X5, ..., X;, respectively. Assume for

the moment that the function ij is sufficiently regular in time. Then we can write X; = Y; + Y5.
For Y1, by (A.5), we have:

nd_ef/qﬁ(H(e;(T))—Sg(T)ep(T)>dx—/<I>‘5(H(95( )) = 53(0)6r(0)) dx
Q @ (53)

T
+ [ /Q 50,6 dudt > ~@° 46719 + 06 |11 an)]
0
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where the function H is defined by H (0) f Bl (r)r dr. Moreover, it is easy to se,

95
H(8)| = |B;(6%)6) — / By(r) dr| < 26

For Y; part of the X; we obtain, using integration by parts,

deif/ /at P(S9) %) (63 — Op) dadt = Yy + Y + Y3,

with
Y| <28Cme, Y3 < 45VT Cp||00r | o)

and

y2 e _ /O /Q /0 (P(SU(t — 7)) — P(S)) () dr D,0%(2) dt d.

By changing the order of the time integration and integrating by parts in the term Y2, we can
write Yy = Y, + Y, where

T T
Y| < 85 Cmer 65 Q| VT and Yy déf/O /Q/ O P(S(t — 7)) 05(t) dtw’(7) du dr.

Finally, the term Y, can be written as Y;> = A + B, where

T T
|A] <45C7 04 Q|VT and BE — / /aT (/ PS5t — 7)) 05(t) dt> W’ (1) dz dr.
0 Q T

It can be proved, as in [7], that for any 7 € [0, T it holds

T
W(r) < / P(S§(t — 7)) 05(t) dt < h(0) (54)
and from (54) it follows that d.h(7) < 0in[0,7]. Then B > 0 which gives Y;?* > A >
—40CRer 0719 v/T. Summing all the obtained inequalities, we have for the first term in (52) the
estimate: X; > —C (<I>6 + 5), where the constant C' depends on Oi0r|| L1 (@r)-
These calculations are applicable for regularized in time Sfc but they remain true for the desired
Sfc by a passage to the limit as the regularization parameter tends to 0.

We treat the terms Xo,...,X;5 in a standard way using the Cauchy-Schwartz inequality and
the already obtained estimate for the global pressure in (49). Finally, we have

Lod kL V03720 S C+C6 k2, (1 + V05 r2r)) (55)

and, therefore, HVG?H 2y < C, with a constant C' which is independent of §. The estimate
(50) follows in the standard way from (49). This completes the proof of Proposition 1.
O
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Lemma 3. There exists a constant C which is independent of § and h such that, as h — 0,

/T / (S2(x,t) — So(a,t — h)) (63(x,t) — 03(x,t — h)) dwdt < CVh.

Proof. Let us first note that for integrable functions G, G and for 0 < h < T'/2 it holds

T min(t+h,T) T t
0 max(t,h) h t—h
We define the test function in (47) by
min(t+h,T)
0 = Mz, t) = / ((Gi(x, 7) —Op(z,7)) — (ch(x,T —h) —Op(z, 7 — h))) dr.

max(t,h)

Then ¢ € L?(0,T;V). Plugging it in (47) we have:

/ T<8t(<1>5533 + [P(S2)—P(SN] * w’), "Mt =

(57)
— | K (A(SHVO; + A f(SPHVPE) - V™" dadt.
Qr
By using (56) the left-hand side term can be written as
T
| @@} + 1P(S]) — PUSp ) )
’ T
:/ / @5(S§(x,t) - S?(x, t— h))(&fc(x,t) - 9§($,t — h)) dxdt
hT Q (58)
—/ / °(SY(x,t) — SH(x, t — h))(Or(x,t) — Or(x,t — h)) dudt
h Q
T
+/ /[(e);i(m,t) — 03(x,t — h)) — (Op(z,t) — Op(z, t — h)))| X} (x,t) ddt,
h Q
where
t
Xi(a,t) = [ PUSiat =) = PSHII(r) ~ ' = h)dr
" (59)

h
+ /0 [P(Sfc(x, t—7)— P(S?(J?))]wé(T) dr.

Let us denote the integral terms at the right-hand side of the equality (58) by 2, Z,, Z3, respec-
tively. For Z, we have by using (A.5):

T
2| <a° / / 60 (2, 1) — O (.t — )| dadt < Chd 0]l @), (60)
h Q
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since ®? /6 < C, uniformly with respect to ¢. Next, due to 0 < P < 1 and w? > 0 we have
h
X3 (2, 1) < 2/ W) dr = 46T /R
0
and therefore
|Zs| < 81| 07 Cne* 5 v/ (61)

Finally, we apply (56) with

Gi(t) =1, Go(r) = [(VO}(x, 7) — VOr(z, 7)) — (VO}(x, 7 — h) — VO (z,7 — h))|?

to establish
||Vg0‘5’h||L2(QT) S 2 hHV(Q? — QF)HLQ(QT) S Ch, (62)

where we have used the uniform a priori estimate (49). From the estimate (62) and the uniform
bounds (49) we hence obtain

/Q K** (A (S2)VOS + Xy 1 (S2)VPY) - Vo dadt| < C h k2. (63)
Collecting the estimates (60), (61), (63), from (57) we get
T
/ / (S, 1) — St — h)) (O3, 1) — O3t — b)) dudt < C 5.
h Q

Now, the desired estimate follows from ®° > ¢4, for some ¢ independent of 9, and the mono-
tonicity of S — (¢(.5).
O

5.2 The fully homogenized model

In this subsection we present the fully homogenized model for immiscible incompressible two-
phase flow in double porosity media with thin fractures. First we state the convergence results
holding as § — 0.

Theorem 1. Let assumptions (A.1)—~(A.5) be fulfilled. Let (P‘;, 9?) be a weak solution of the
problem (43)-(45) and let 5§ = By (0%). Then there exist functions Py € L*(0,T;V) + Pr and
0 € LQ(O, T; V) + Or such that, up to a subsequence, it holds

P}(z,t) = Py(x,t)  weakly in L*(0,T; H'(1)), (64)
03(x,t) = Op(x,t) weakly in L*(0,T; H'(Q)) (65)

as 6 — 0. Moreover, 0 < 0¢(z.,t) < 0% a.e. in Q. Furthermore,

Sfc(x,t) — S¢(z,t)  strongly in L*(Q) and a.e. in Qp, (66)
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where Sy = By(0r). Here (Py,0;) is a weak solution in Qp of problem:

diV ()\f(Sf)k*VPf) = O,
Con(z)
d

<I>f8tSf — div (k'* ()\f(Sf)VGf + )\w,f(Sf)VPf) ) = —
Sy = By(0y).

0 [ (P(Sy) —P(SP) x —],

The boundary conditions for the system (67) are given by:
Pf = Pp and Gf = 61* on ij X (O,T),
E*Af(Sp)VPr-v =0 on I, x (0,T), (68)
k* (Af(Sf)VHf + /\w,f(Sf)VPf) -v=0 on Fimp X (O,T),
and the initial condition is
Of(x,0) = 9?@) in Q. (69)
The effective permeability tensor k* and the function C,,, are given by (22) and (38).

Proof. Weak convergences in (64) and (65) follow from (49). The boundedness of 0? and Sy =
B(6y) follows directly from the strong convergence (66). In order to prove (66) we use Lemma 3
and Lemma 1.9 from [32], which we repeat for reader’s convenience:

Lemma 4. Suppose that the sequence (us)s converges weakly to v in L*(0,T; H*()). Let F be
a continuous, monotone and bounded function in R. Assume that

/h /Q (F(us(z,t)) — F(us(z,t — h)) (us(z,t) — us(z,t — h)) dedt < Cw(h), (70

for some continuous function w such that w(0) = 0, and with a constant C' independent of h
and . Then F'(us) converges to F(u) strongly in L*(Qr).

Now we apply Lemma 4 to the sequence (9?)5 in the role of (us)s. The conditions on the
function F'(z) = B(z) in Lemma 4 hold from the definition of 3;.
Due to (50), up to a subsequence we have
1 .
50 (@255 + (P(S)) = P(SP)) xw’) = ¥ weakly in L*(0,T;V") (71)
for some U € L%(0,T;V"). The strong convergence of Sfc in (66) allows to identify the limit as

U =9, (dcbfsf + C(2) [P(Sy) — P(S9)] * %) c L*(0,T;V").

We can now pass to the limit as 6 — 0 in the equations (46), (47) and (48), after division by d 9,
and obtain for any ¢, o € L*(0,T;V):

/ A\ (S))E*VP; - V¢ da dt = 0, (72)
Qr
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[ 0o+ S Pipisy) - pisp« ) ol

(73)
+/ k* (/\f(Sf)VQf+)\w,f(Sf)VPf)-Vgodxdt:O.
Qp

In the initial condition we take the test function ¢ € L*(0, T} V)N W1>1(0, T, LI(Q)) such that
©(-,T) = 01in €, and obtain

[ t0(ossr S5 p (s - sl ) e
Cule)

) (74)
—i—/QT (‘I)f(Sf—Sf)—f— d (P(Sf)—P(Sf))*%> atQOdZL'dt:O‘

We observe that the obtained equations (72), (73) and (74) represent a weak formulation of
the problem (67)-(69). This completes the proof of Theorem 1.
O

The system (67)-(69) can be transformed into the phase formulation by reintroducing the
phase pressures and thus we finally obtain the global fully homogenized model for immiscible
incompressible two-phase flow in double porosity media with thin fractures. Namely,

. (d—1 Cn(z) 0 1
$;0,Sp — div (T ky Aw,f(Sf)VPw,f) === 7 [ (P(Sy) = P(S})) * %}, (75)
. [(d—1 Cn(x) 0 1
—<I>f8tSf - le (T kf )\n,f(Sf)VPnJ) = d a [ (P(Sf) - P(S?)) X %] (76)
with the boundary conditions given by
Pw,f = Pw,p and Pn,f = Pn,F on F,mj X (O, T), (77)
k*)\w,f<5f)va7f V= k*)\nyf(Sf>VPn’f -v=0 on Fimp X (O, T),
and the initial condition is
Sy(x,0) = SH(x) in Q. (78)

Here in (75)-(77),
k*=(d—1)ks/d and C,(x) = 2d\/Ppkmtom(z)/V/T.

6 Concluding remarks

The formal linearization of the imbibition equation presented in Section 4 is borowed from Arbo-
gast [7], and it is not rigourously justified. However, due to the presence of the small parameter
0 in the nonlinear problem (31) and in the linear one (24) we expect that the solutions of the two
matrix block problems are close to each other as they share the same boundary layer structure.
This analysis is subject of our further research. Moreover, we point out that in this paper we
focus our attention only on the limiting behaviour of the formally linearized problem.
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