Transport in Porous Media 26: 229-260, 1997. 229
© 1997 Kluwer Academic Publishers. Printed in the Netherlands.

Effective Relative Permeabilities and Capillary
Pressure for One-Dimensional Heterogeneous Media

MAGNAR DALE?!, STEINAR EKRANN?, JOHANNES MYKKELTVEIT? and

GEORGE VIRNOVSKY?
!Rogaland University Center, Stavanger, Norway; e-mail: magnar.dale@tn.his.no
2RF — Rogaland Research, Savanger, Norway

(Received: 29 November 1995; in final form: 22 November 1996)

Abstract. The paper presents an analytical construction of effective two-phase parameters for one-
dimensiona heterogeneous porous media, and studies their properties. We base the computation of
effective parameters on analytica solutions for steady-state saturation distributions. Special care has
to be taken with respect to saturation and pressure discontinuities at the interface between different
rocks. The ensuing effective relative permeabilities and effective capillary pressure will be functions
of rate, flow direction, fluid viscosities, and spatial scale of the heterogeneities.

The applicability of the effective parameters in dynamic displacement situations is studied by
comparing fine-gridded simulations in heterogeneous media with simulations in their homogeneous
(effective) counterparts. Performance is quite satisfactory, even with strong fronts present. Also, we
report computations studying the applicability of capillary limit parameters outside the strict limit.

Key words: heterogeneous porous media, effective relative permesbilities, effective capillary pres-
sure.

Nomenclature

c theinterval [p2"", pe™],
A ;(S) saturation discontinuity
function, Equations (16) and (17),
€ capillary number, Equation (59),
f fractiona flow of water,
F(S) function defined in Equation (51),
10} porosity,
®(S) function defined in Equation (5),
vy interfacial tension,
I [chyl_ Sor]:
J(S) Leverett J-function,
k absol ute permeability,
ko harmonic mean of absolute permeability,
k.;(S) phase j relative permeability,
l length of homogeneous rock,
L length of period, Xi;,
I phase j viscosity,
M viscosity ratio g /o,
N number of rocksin one period,
N, dimensionless number, Equation (48),

S
o
A2

capillary pressure function,
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Pe capillary pressure value,
P. capillary pressure reference value,
p'c“ax mi nl{pZ(Sfﬂc)}v
pe max;{pc(1—S5.)} .
(Ape)i capillary pressure discontinuity, Equation (30),
p;(z) phase j pressure,
Ap; phase j total pressure drop,
(Apj)i phase j pressure drop over ith rock,
¥(S) function defined in Equation (6),
u; phase j Darcy velocity,
S water saturation,
Swe irreducible water saturation,
Sor residua oil saturation,
Sa asymptotic saturation, Equation (7),
S(u, Sy)  saturation profile determined
by Sy € Iy andu > 0,
Su,f the periodic saturation profile,
FE01u>0,
(S; piecewise constant saturation profile,

(z}) right-hand saturation at «;,
(x;) |eft-hand saturation at z;,
total Darcy velocity,

spatial coordinate,
boundary, rocksi and ¢ + 1,

8 & \nln

B

Subscripts/Superscripts

) refersto ith rock,

j ail (o) or water (w) phase,
(=) spatia averaging,

cap effective, at capillary limit,
eff effective,

visc  effective, at viscous limit,

1. Introduction

Upscaling of flow parameters from core scale to numerical gridblock scale is a
problem of practical importance. If the classical separation of scales condition
is satisfied, see Section 2, effective parameters, do this job. Effective parameters
depend only on physical properties of the flow system, and appear as coefficients
in the differential equations for large scale variables. The relation to the comple-
mentary concept of dynamic pseudo functions, is discussed in Ekrann and Dale,
[11].

In this paper we solve the effective parameter problem for one-dimensional
media. The one-dimensional geometry is sometimes of direct relevance, such as
to composite cores or to vertical flow in layered reservoirs. More importantly, the
completeness of the solution obtained providesafirm basisfor generalizationsinto
higher dimensions.

In genera, the difficult part of the problem is to determine the small scale
saturation distributions. Once these are established, one may in principle obtain
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the two-phase effective parameters by applying some one-phase method for each
distribution. Most authors have imposed the condition of capillary equilibrium,
implying that local saturation is determined exclusively by the local capillary pres-
sure curve. By restricting our study to one-dimensional, an analytical approach is
possible, whereby we are able to extend the existing results to saturation distribu-
tions determined by a bal ance between viscous and capillary forces.

Assuming a spatially periodic heterogeneous medium, the separation of scales
condition requires periodic saturation and pressure gradient profiles, hence the het-
erogeneity period (unit cell) can be used as the averaging volume. The assumption
of periodicity is not as restrictive as it may seem. In principle, random hetero-
geneities can be handled by making the period sufficiently large.

Our approach makes it possible to study analytically the rate dependence of
effective parameters. As the rate tends to zero, capillary equilibrium effective
parameters are recovered. Similarly, as the rate tends to infinity, viscous limit
effective parameters are approached. As a particular case of rate dependence, we
also discuss dependence on flow direction.

We impose no specia conditions on the different relative permeability and
capillary pressure curves associated with the different rocks making up the hetero-
geneous medium. Different capillary pressure curves are alowed to take different
valuesin their endpoint saturations. Phase pressureswill not necessarily be contin-
uous at boundaries between different rocks, hence effective relative permeabilities
are not always obtained simply by harmonic averaging of phase permeabilities
along the saturation profiles. Asanother consequence, capillary trapping may occur.

The applicability of effective parametersin dynamic displacement situationsis
demonstrated by comparing fine-gridded simulationsin the original heterogeneous
mediawith simulationsin their homogeneous (effective) counterparts. Performance
isquite satisfactory, even with strong fronts present, thusviolating the separation of
scales condition. Generally, the condition is thought to be overly severe (Quintard
and Whitaker [19]).

Capillary limit effective parameters are the easiest to compute, in particular in
higher dimensions. A question of practical interest, therefore, isto what extent and
under what circumstances capillary limit results are applicable outside the strict
limit. A set of experimentsis reported and analyzed, indicating that capillary limit
effective parameters can be guaranteed to be accurate only for sub meter-scale
heterogeneities.

2. Separation of Scales

Consider two-phase flow in a heterogeneous porous medium. Let [;, denote the
spatial scale of rock heterogeneities; similarly, I and I, denote the spatial scales
for small-scalevariation of saturation and pressure gradients, respectively. Let large
scale quantities be defined via spatial averaging, with L being the averaging scale,
anddenoteby Ly, L and £, the spatial scalesover which averaged rock properties,
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averaged saturation and averaged pressure gradients change significantly. Then the
separation of scales condition can be summarized as

lk7l57lp LK LkaESaEp- (1)

In particular, the conditionimpliesthat |arge-scal e quantities must be approximately
constant on the scale L of averaging. Note that the condition includes both rock
properties and flow variables.

We also need to assume that boundaries do not influence the small-scale behav-
iour of flow. In other words, for agiven large-scale pressuregradient and large-scale
saturation, the small-scale pressure and saturation distribution should be complete-
ly determined by the medium itself, and possibly, by the local value of large-scale
velocities. In addition, one must require history to be forgotten, in the sense that
the small-scale saturation distribution must have had time to obtain a final shape
(developed flow). As formulated, these conditions are rather qualitative, asis the
separation of scales condition. This reflects the fact that formulation in terms of
effective properties can only be approximate (Ekrann [13]).

When the conditions are satisfied, one can show that the large-scale variables
satisfy equations of the same form as the local Darcy equations, with effective
absolute and relative permeabilities and capillary pressure replacing their local
counterparts (Quintard and Whitaker [17, 18]).

3. Steady Two-Phase Flow in a Heter ogeneous Medium
3.1. STEADY FLOW IN A HOMOGENEOUS MEDIUM
3.1.1. Equations

We consider steady-state, incompressible, immiscible flow of oil and water in
a homogeneous one-dimensional porous medium. Neglecting gravity effects, the
Darcy equations and capillary pressure relation in conventional notation read

_ kkrj(S(x)) dp;
14 dz

pe(S(7)) = po(r) — puw(z), (©)

where S is water saturation and j = o, w isthefluid phase.

We shall assume throughout that individual phase velocities u,,, u, > 0. Mass
conservation dictates u,, and u,, to be constant, as well asthe total Darcy velocity,
u = Uy + u,, and the fractional flow of water, f = u,/u € [0,1]. Assuming
u > 0, thefollowing expressionfor f iseasily derived (see Marle[15], Chapter 14)

(), 2

uj =

f=2(8) +¥(S) (4)

£7
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where
Uokrw
B(S) = —Holrw 5
( ) Hokrw + Hwkro ( )
k krwkro dp.
W(S) = b (6)

E,U/okrw + pwkro ds’

Here S varies in the closed saturation interval I = [Sye, 1 — Sor]. We assume
that £, (Swe) = kro(1 — Sor) = 0, with k., strictly increasing on I, k., strictly
decreasing. The capillary pressure curvep.(S) may haveafinite value or avertical
asymptote at the endpoints of I. In the interior of I we assume dp./dS < O,
possibly with dp./dS = —oco at one or both endpoints. Thus & < 0in theinterior
of I. At an endpoint of I either ¥ = 0 or ¥ tendsto —co.

The function @ is differentiable and strictly increasing from 0 = ®(S,,.) to
1= ®(1-S,). For each f € [0,1] denote by S, = S,(f) the asymptotic
saturation corresponding to f, defined by

B(S,) = J. (7

3.1.2. Saturation Profiles

Let [ denote the length of the medium, so that = € [0, !]. Each outlet saturation
boundary condition

S(l)=S1€1 8)

uniquely determines a solution S(z) of Equation (4). To see this, first let v = 0;
then obviously the solution is the constant S(x) = S; for each S1 € I. Thus, for
the rest of the discussion we may assume u, > O; write the equation in the form

ds = ®(9)
ar (S) = TS 9

In general, the behaviour of the solutions is determined by the zeros of H. First
assumethat f # 0,1. Then S, is the only zero of H in the interior of I; hence
S1 = S, determines the constant solution S(z) = S,. For S1 # Sq, Swes 1 — Sors
the inverse of the solution determined by S is obtained by integration

S g .

Considering the sign of the integrand, it is clear that S(z) is strictly decreasing if
Swe < 81 < 8y, strictly increasing if 1 — S, > S1 > S,. Theintegral divergesas
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Figure 1. Saturation approach to asymptotic.

S tendsto S,; hence, theline S = S, acts as an asymptote for the solution. It is
approached by S(x) in the negative z-direction from above or below according to
whether 51 > S, or S1 < S, see Figure 1.

At an endpoint S, € {Sye, 1 — Sy} Of I we distinguish two cases. First, if
U — —c0asS — S, weset H(S,) = 0; thus, S; = S, determines the constant
solution S(z) = Se. (Obviously, this caseis not physically meaningful, since only
one mobile phase is present, while f # 0, 1, i.e. two phases are flowing.) On the
other hand, if ¥ — O0as S — S,, the solution is again determined by (10). Note
that in this case |[dS/dz| — co asz — 1.

Now assume f = 0 (thecase f = lisanalogous). First, for S = Sy, = S, we
have S(z) = Sy, thelimiting solutionas f — 0. For S > S, we get

ds

_ Utho
= = H(S) = (11)

" kkyo dpe/dS”

If krodp./dS — —oo a 1 — S,,, the condition S1 = 1 — S, determines the
constant solution S(z) = 1— S,,, or elsewe have k., dp./dS = 0at 1 — S,,, and
the solution is obtained by integration

koS -
kro(dpc/dS) dS, (12)

S)=1-
() a I,

valid for Sye < S1 < 1— Sy, § < 51. If 0 < z(Sye) < oo, then the solution
S(z) determined by (12) isdefined only for = € [z (Sw.), (]; in this case we extend
to a continuous solution on [0, 7] by setting S(z) = Sy for z € [0, z(Swe)]-

Finally, note that there may be no solution to Equation (4) satisfying the inlet
boundary condition S(0) = S1.Ingeneral, theintegral in (10) tendsto afinitevalue
as S tendsto the endpoint saturations Sy, or 1 — S,,.. If [ issufficiently large, S(x)
will have reached one of the end-point saturations for z < I, at which point the
solution breaks down. Consequently, in discussing the heterogeneous casel ater, we
shall always assume the boundary condition to be given at the outlet, and construct
the solution from right to left.
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3.1.3. PressureDrops

Any saturation solution S(z) satisfying Sy, < S(z) < 1—S,, uniquely determines
the phase pressure profiles p;(«) by specifying a pressure boundary condition for
one of the phases and integrating Equation (2). In particular, the corresponding
phase pressure drops Ap; = p;(0) — p;(l) are given by the expression

ujy [ 1
apy = [y & (49

However, if S(z) = Se € {Swe, 1 — Sor} for some z € [0,1], one of the phase
pressureswill becomeinfinite, unlessp, isfinite at the endpoint S.. In this case, if
S(z) < 1— Sy, but S(z) = Sy for somez, then Ap, isagain given by (13), and
we may determine Ap,, from the relation

Apy = Apo — pe(S(0)) + pe(S(1))- (14

The situation is analogous if S(z) > Sy, and S(xz) = 1 — S, for some z.

Finally, for f = O the saturation profile determined by S1 = S(I) = 1— S,
might also reach S(z) = Sy.. In this case we first determine p,,(z) in some
neighbourhood of I, and define p, () = py, (x) + pe(S(z)) here; next extend p, («)
continuously to al of [0, /], and use it to define p,, (z) = po(x) — p.(S(z)). — The
discussionis analogousfor f = 1.

3.2. STEADY FLOW IN A HETEROGENEOUS MEDIUM
3.2.1. Description of Medium

We consider a semi-infinite periodic one-dimensional porous medium (—oo, L]
with period [0, L], see Figure 2. The N rocks constituting the period are defined by
their length, [, and properties, ¢, k, k., ko and p.. Neighbouring rocks differ in at
least one of their rock properties. The rocks are numbered from left to right. Rock
boundariesarepositionedat0 = zg < z1 < --- < xny = L,sothat z; — z;_1 = ;
isthe length of the ith rock.

3.2.2. The Saturation Discontinuity Function

Consider the N capillary pressurefunctionsp’(S), S € I; = [S%,.,1—S°,] (where
possibly p. tendsto —oo at the right endpoint of I, and to oo at the left one). For
each ordered pair of integers (7, j), 7,7 = 1,..., N, wedefineafunction

Ai,j: I, — Ij, (15)
associating saturationsin /; and I; having the same capillary pressure. Thus we set

Aij(8) = (ph) " H(pl(9)), (16)
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Figure 2. Period of a periodic medium.
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Ai,jl(S) .;' \ \

Figure 3. The saturation discontinuity function.

see Figure 3. '
However, this function iswell defined only if the range of p;, is contained in the
range of p. If thisis not the case, we extend A; ; to al of I; simply by setting

S 1FPL(S) > pl(Sie),
i’j():{ if p(S) > pe(She) an

1- Sgr if plc(S) < pﬁ(l - Sgr)'
If pt and p havethe samerange, A; j and A ; are both monotonically increas-

ing, with (A; ;)1 = A; ;. In particular, A; ; maps the endpoint saturations of I;
to those of I;.
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3.2.3. Interface Conditions

Fix afractional flow f € [0, 1], and assumefirst atotal velocity « > 0. A saturation
profile.S(z) intheperiod [0, L] will becalled steady state if it satisfies Equation (4)
in each rock, and

Ais1i(S(z})) = S(a;) (18)

at each boundary x; between rocks. Superscripts + and — indicate limiting values
as z; is approached from above and below, respectively. For i = 0 we set

S(wg) = Ayn(S(ag))- (19)

If u = 0, the saturation is constant .S; in each rock i, as discussed previously, and
werequire

Aiy1,i(Siv1) = i (20)

The pressureprofilesp,, (x) and p,(z) corresponding to asteady state saturation
profile S(x) must satisfy the capillary condition in each rock = € (z;_1, ;)

Po(@) = pu(z) = p(S(z)). (21)

Note that the imposed conditions (18) and (20) may lead to discontinuous
capillary pressure at some of the boundaries, in which case one of the individual
phase pressures aso needs to be discontinuous. This happens only if the water
saturation or the oil saturation becomes irreducible at x; , as can be seen from
Definition (17). In this case, if S(z;) = S¢,, we require the oil pressure p, to
be continuous at z; and determine the discontinuity of the water pressure p,, by
setting

pw(mi_) = po(xi) _pi(Sfuc)' (22)

Similarly, if S(z;) = 1 — S’ we require continuity of water pressure at z; and
determine the oil pressure discontinuity by

Polw;) = pL(l = Sgp) + pu(@i). (23)

Note that in (22), (23) the capillary pressure at the endpoints of I is finite, by
definition of the A —function.

For a proof that this treatment of pressure discontinuities is correct, see van
Duijn et al. [9] or Dale[8].

3.2.4. Solution of Saturation Boundary-Value Problem

Fix a value of the fractional flow f € [0,1]. For any v > O and outlet satura-
tion Sy € Iy thereis aunique steady state saturation profile S(x), denoted by
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S(u, Sn)(x), satisfying the outlet boundary condition S(z,) = Sy: Overthe Nth
rock the solution is uniquely determined by the results of Section 3.1. Hence, by
(18) aboundary condition at the outlet of rock NV — 1 isestablished, and the solution
over [0, L] can be completed recursively.

The steady state piecewise constant profiles S(0, Sy )(z) denoted by S;, = €
(x;—1,z;), will be called capillary equilibrium, profiles, see Section 4.3 below.

3.2.5. Periodic Solutions
A steady state saturation profile S(z) isperiodic over [0, L] if
S(zg) = S(zy). (24)

To prove the existence of a periodic steady-state solution for each f € [0, 1],
consider themap Iy — I defined by

Sy > S(u, Sn)(zg). (25)

The steady-state solution S(u, Sy) is periodic if and only if Sy is afixpoint for
this map, by Definition 24. Thus, it suffices to check continuity of the map, since
Iy isaclosed interval. But this is clear, since the function defined by (25) is a
composition of continuous functions, namely the A-functions and the functions
S(u, Sn)(z; ) — S(u,Sn)(z; ;) associating the inlet saturation to the outlet
saturation in each rock.

Under mild conditions on the behaviour of relative permeability and capillary
pressure at the endpoints of I, aperiodic solution is unique, see Dale [§].

3.2.6. Total Pressure Drops

For any steady-state sauration profile S(z), the corresponding phase j total pressure
drops

Apj =pj(zq) — pj(zy) (26)
are given by

N

Apy = Z(pr)i + Z (Ape)i, (27)
i=1 i€A
N

Apo = Z(Apo)i + Z (_Apc)i- (28)
i=1 i€A,

Here, A; denotes the set of boundary indicesi, 0 < ¢ < N — 1, where phase j
pressureis discontinuous. Further, (Ap;); isthe phase j pressure drop over the ith
rock

(Apj)i = iz 1) — pj(z) (29)
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discussed previoudly. Finally,
(Ape)i = P (S(z;)) — pl(S(z;)) (30)

is the capillary pressure jump across boundary z;. Note that (Ap.); < O when
i € A,. In particular, if S(x) is a saturation profile along which the capillary
pressure is continuous, the right-hand sides of (27) and (28) reduce to the sum of
pressure drops over the individual rocks.

Note that the water and il total pressure drops corresponding to a periodic
saturation solution are equal

pr = Apo- (31)

Thisfollowsimmediately from the definitions.

4. Effective Parameters
4.1. THE GENERAL CASE

Consider asteady state saturation profile and the corresponding pressure profilesin
aperiodic medium. If the saturation is periodic, obviously the saturation averaged
over thefull periodis constant throughout the medium. Also, the averaged pressure
gradients are constant. Hence, the small and large scales are separated using the
heterogeneity period as the averaging scale. The effective relative permeability
functions, k& and k€T, and theeffective capillary pressure, p&', arethen coefficients
in equations of the same form as the local Darcy equations. More precisely, for
any fractional flow f € [0,1] and total velocity u > 0, let S(z), pw(x), po(x)
be the corresponding periodic steady state saturation and pressure profiles. Let
Seit = Seft (f) denote the average saturation in the period,

 {(2)S(x))
St = 0@ 32
Then
ki k&t (S
uj = Hiﬁ—j(e“)%@j (=), (33)
P (Sett) = (po(2)) — (pu(2)), (34)

where £k is the harmonic mean, and ( ) denotes spatial averaging over the full
period.
Obviously, Equation (34) is equivalent to

P (Setr) = (pe(S(2)))- (35)
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Furthermore, d(p;(x))/dz = Ap;/L. 1f u > 0, we have Ap,, = Ap, > 0, thus
Equation (33) can be inverted to yield

wjpi L
k?f;(seff)— ilat]

= b2 36
FnAp, (36)

The effective irreducible water saturation is determined from the periodic satu-
ration profile correspondingto f = 0 : ST = S (0). Similarly, 1 — S results
from f = 1. Thus, (35) and (36) uniquely determine the effective parameters on
the effective saturation interval

Tt = [Seff

wce?

1— 55 (37)

by continuously varying f € [0, 1].
Define the effective fractional flow function ®¢ by

eff
ok
Pegf = ————————. (38)
pokl, + prw kel

Forany f € [0, 1] it holds that

Dest (Seft (f)) = f- (39)

This follows immediately from Equation (36), since Ap,, = Ap, for a periodic
solution.

Remark. The above construction produces well defined effective parameters for
any heterogeneous medium where ¥ tends to zero at the endpoints of 7, in each
homogeneous rock (equivaently, k., dp. dS — 0 at Sy, and k,, dp./dS — O at
1 — S,). This condition will guarantee that (if f # 0,1) a steady state profile
may attain one of the end point values Sy, 1 — S,, of I only at an outlet ;" of a
homogeneousrock. Conversely, allowing ¥ — —oo at one or both endpoints of 7,
there exist mediawhere, for fixed f # 0, 1, the (unique) periodic saturation profile
is physically meaningless.

4.2. SPECIAL CASE

Assume that all capillary pressure curves have the same range. In this case there
are no pressure discontinuities, and effective relative permeabilities are given by
harmonic averaging, see Equations (13) and (36)

L (" 1 -
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4.3. CAPILLARY LIMIT EFFECTIVE PARAMETERS

In the limit of zero total velocity the steady state saturation profiles are the locally
constant capillary equilibrium profiles S(0, S ). However, thetotal phase pressure
drops will also be zero, hence effective relative permeabilities are not determined
by Equation (36) in this case. Therefore it is necessary to define separately the
capillary limit effective parameters.

We first determine the periodic capillary equilibrium saturation profiles. Define

P = max{pi(1-5;,)}, P = min{pi(S;,)}. (41)

First assumep™" < p™, so that theinterval C' = [p™", p™] is the intersection of
the ranges of the capillary pressure curves. In this case each capillary equilibrium
profile (.S;) isuniquely determined by choosing a capillary pressurevalue p, € C,
and put

Si = ()~ (Be).- (42)

As p. varies continuously in C let Sy denote the effective saturation of the
corresponding equilibrium profile.

Now define the capillary limit effective relative permeabilities by harmonic
averaging

-1

(s = 2 (30— (43)
i T ey = kiky;(S)

and define capillary limit effective capillary pressure by
pe®(Seit) = Pe- (44)

In the profile corresponding to . = p™", respectively j. = p™*, we have
S; = 1— 8, respectively S; = S, for at least one i. By Equation (43), the
corresponding effective phase permeability then becomes zero, thus p™ and p™"
give rise to the capillary limit endpoint saturations Sg and 1 — Seer. As jp,. varies
continuously in C' the effective saturation of the corresponding profile spans the
capillary limit saturation interval, Icg = [Swe, 1 — Sor]. Note that the endpoint
saturations are equal to the arithmetic average of their rock counterpartsonly if the
capillary pressure curves all have the same range.

If pMN > pMX  the ranges of the capillary pressure curves have no point in
common. Obviously, the capillary pressure along an equilibrium profile cannot
be continuous in this case, hence the total pressure drops Ap,, and Ap, are both
nonzero. It follows from Equation (36) that the effective relative permeability
curves are both identically zero.
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One can prove that the capillary limit effective parameters defined by (43) and
(44) are indeed the limits, asu tends to zero, of the effective parameters defined in
Equations (35), (36) (Mykkeltveit [16]).

4.4. VISCOUSLIMIT EFFECTIVE PARAMETERS

As the total Darcy velocity u increases, viscous forces increase in importance. In
the limit of infinite w, ¥ becomes zero. This is the viscous limit. According to
Equation (4), the saturation in the ith rock is then constant. Thus, each f € [0, 1]
determines a piecewise constant saturation by

Si = (@;) (). (45)

Now define the viscous limit effective parameters by

- L (& -
k)5 (Seft) = — ( 7Z> ; (46)
J kg ;klkﬁ](sz)
VEY _ E al Q.
Pc (Seff) I lepc(sz)v (47)
=1

where S is the average saturation of the profile (S;). Obviously, to f = 0 there
correspondsthe profile (S%,.), whileto f = 1 there corrresponds (1 — S%,.). Thus,
the viscous limit endpoint saturations SY) and 1 — S})* are simply the weighted
arithmetic average of their rock counterparts. As f varies continuously in [0, 1] the
effective saturation of the corresponding profile spans the viscous limit effective
saturation interval Ljjse = [SYIF, 1 — SV,

The definitions of capillary limit and viscous limit effective parameters given
above are very similar. The main difference occurs in the way the saturation
distributions are computed. While piecewise constant in both cases, saturation
distributions (42) and (45) may be fundamentally different, and may produce very
different effective parameters.

The convergence of Equations (35), (36) towards viscous limit results (46), (47)
aswu tendsto oo isproved in Dale [§].

5. Some Propertiesof Effective Parameters
5.1. RATE DEPENDENCE

Ashasbeen discussedin some detail, effective two-phase parameters should gener-
ally be expectedto berate-dependent. Equations (27) and (28) indicate that increas-
ingtherate, keeping all other parametersfixed, will increasetherelativeimportance
of the viscous pressure drops Ap; at the expense of the capillary discontinuities
Ap,, thereby altering effective relative permeabilities through Equation 36.
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Figure 4. Saturation distributionsin medium A, f = 0.5.

More subtly, the rate also influencesthe saturation distribution inside individual
rocks, also in turn influencing effective capillary pressure and relative permeabil-
ities. Figure 4 shows saturation distributions in medium A (nonlinear Leverett
J-function) for three different values of the capillary number ¢, which isinversely
proportional to the rate (see Definition (59), Section 6). As can be seen, decreas-
ing ¢ makes the saturation approach the asymptotic saturation more rapidly. The
corresponding effective relative permeabilities are shown in Figure 5.

5.2. DIRECTIONAL DEPENDENCE

Effective parameters in general depend on direction of flow. An exampleis given
in Figure 6, pertaining to medium B (nonlinear Leverett J-function), see Section 6.
This directional dependence is brought about by directional dependence of the
periodic saturation distribution, which will occur for N > 3. Note, however, that
the capillary — and viscous limits effective parameters are independent of flow
direction. Thisis a consegquence of the piecewise constant saturation distributions
in these cases, see Equations (42) and (45).

We would not expect directional dependencein an unordered (random) system.
Some sort of systematic ordering (periodicity) would berequired, asin the example
shown.
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Figure 5. Effective relative permeabilities, medium A.

5.3. DEPENDENCE ON CORRELATION LENGTH

Theeffective properties depend on the absol utelengths of the homogeneousrocksin
the period. More precisely, fixing therel ative lengths of the homogeneousparts, the
total length L acts as a correlation length for the heterogeneities. Furthermore, the
effective parameters tend to the viscous limit parameters as L increases, since the
periodic profilewill tend to the constant asymptotic saturationin each homogeneous
rock. Conversely, letting L — O we obtain the capillary limit parameters.

5.4. SCALING PROPERTIES

Consider the class of mediawith afixed number V of homogeneous rocks, where
all the i-th rocks have the same relative length /; / L, relative absolute permeability
ki/ky, relative porosity ¢;/¢ 4, relative capillary pressure curve pt/P., and the
same relative permeability curves. Here ¢4 = (¢(z)) = (X¢;l;) /L isthe average
porosity, and P, is some capillary pressure representative value for the medium
(for instance, the (absolute) average value of the p.-curves at the midpoint of their
saturation interval). We claim that within this class of media, effective parameters
depend only on the viscosity ratio M = p,, /11, and the dimensionless number
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Figure 6. Effective relative permeabilities for medium B, ¢ = 1, positive and negative
directions of flow.

Lup,
kn P,

To show this, the crucial point is the following: Pick two media in the class,
and choose flow parameters u, pi.y, 1o for medium 1, o', ul,, ! for medium 2.
Fix a fractional flow f, and let S(z),z € [0, L], S'(x),z € [0, L] denote the
corresponding periodic saturation profilesin the two media. We claim that if M =
M'and N, = N/, thenforadli,i=0,...,N

N, e = (48)

SF =5+, S =5, (49)

where we write S; = S(z]"), etc.

Inproving this, weconsider S(x) in medium 1 asgiven. Denoteby Sy = S(L™)
its left-hand outlet saturation; notethat S, = Sy, since S(x) is assumed periodic.
Now define S’ () to be the profile in medium 2 uniquely determined by the same
outlet boundary conditionas S(z),i.e. S'(L~) = Sy. Wewill show that thisprofile
has the properties (49); in particular, S’(x) isthe periodic profilein medium 2.

First recall that by Equation (10)

S v,
/ g ds=t

i



EFFECTIVE RELATIVE PERMEABILITIESAND CAPILLARY PRESSURE 247

Note that the fractional flow function ®(S) isthe samefor al rocksin both media
Thus, over rock N in medium 1 we have

+ +
UHo /S”l N g = lvuse :/S“F S)ds 50
where
. ()
Fi(S) = upo Vi o krwkrodpc/ds (51)

N kz(f_q)) B (f_l)krw"i_Mfkro'

Similarly, in medium 2

u' ! /S]t,—l o'y Iyu'pl, Pl St
“ ds = e== Fy(S)dS. 52
k;\l SN f-2 k;\[ FeJsy w(S) (52

From our assumptions l;/L = lj/L', k;/kg = kj/K} and N, = N{ it easily
follows that l;up,/k; = liu'pl P./k; P.; hence, by comparing the right-hand side

equationsin (50) and (52) we find that

!

SNfl Sj\}71
/ Fa(S)dS = F(S) dS.
SN SN

The integrand Fy (S) does not change sign within the limits of integration, thus
we conclude that

+ gt
SNy-1= SN 1

It follows that

’

N-1=PN_1 (53)

since corresponding saturation discontinuity functions are identical for the two
media: A;;—1 = A}, ;, which is easily verified. Now repeat this argument for
rock N — 1, starting from (53). Wefinally obtain

Sy =5y =Sy

hence (49) is proved; in particular, S’(xz) isthe periodic profile.

The result (49) implies that the two media have identical effective properties,
moreprecisely, for eachgiven f wehave (a;) k8T = k&' (j = w, 0), (b) p&" = p&"'
and () Seit = St Toprove(a;), recall that k& = w;p;L/ky Ap; (assumew > 0
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and f # 0,1). Then, by our assumptions M = M’ and N, = N/, it easily follows
that (a;) istrueif and only if

Apj _ PC
Ap"i P (54)

C

To check this we may take 7 = w. Recall that total pressure drop is given by (see
(27), (29) and (30))

N
Apy = Z(pr)i + Z (Ape)i-
=1 1€EAw

First comparethe pressuredrops (Ap,, ); over theith rock inthetwo media. Starting
from (13) in medium 2 we get

o1
@pa)i = L0 | o

k! 1 ke (S'(7))
st
y FI(S)ds
st krw

i—1
P! Si M
= £ _— F
Pcf/Sil krw Z(S) a5
!

Apy);.

= Fc(
It remainsto check that (Ap,); = (P./P!)(Ap); if i € A,. Thisfollowseasily
from the assumption p%. (S) = (P!/P.)p’(S); thus (54) is proved. Theclaim (b) is
proved similarly.
Finally we want to check the claim (c). By definition

1
swzazz@lﬂmw, (55)
where
/ S(z)dr = / S(x)dp = SF(S)dS,
( Ti—1 Ulo JST |
or
S, Uty [T
SF(S)ds = U / S(z) dz. (56)
Sitl kz Ti—1
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Applying our result (49) we get in medium 2

: Koo KPS
/i () do = ity /5 L SEEas= s [ sRs)ds
Hence by (56)
Klupo P!
! _ 1 ot ¢
/iS (x)dz = Bl il P, ZS(ar;) dz.

Therefore, since k;/k} = kg /K'Yy, i/ & = pa/d'y, we get

= S [Seyde = el |
Sei = g 9 [, S @t = o 3 b [ S@de. (57

Comparing (55) and (57) we find that Si; = Set if and only if N, = N, thus (c)
holds.

5.5. RELATION TO OTHER WORK

Capillary limit effective parameters have been studied by several authors; anumber
of different approaches have been applied: Volume averaging methods (Quintard
and Whitaker [17-19]), stochastic methods (Shvidler ([21]), method of multiple
scales combined with perturbation methods (where capillary equilibrium is appar-
ently an implicit assumption) (Saez et al. [20], Amaziane et al. [2], Amaziane and
Bourgeat [3], Bourgeat [4]), numerical methods (Smith [22]), percolation theory
(Yortsos et al. [24]), self-consistent approximation (Ekrann et al. [12]). The paper
[19] reports on several numerical experiments performed in order to identify the
range of validity of the capillary limit condition in one dimension, analogousto our
Section 6. Studies of the viscous limit effective parameters are more scarce (Smith
[22], Dale[7]).

Themain purposeof the present paper istofill the gap betweenthesetwo limiting
cases, by constructing effective parameters for intermediate values 0 < « < oo
of the total velocity «, under the separation of scales condition. Trying to avoid
scale constraints may lead to ill-defined effective parameters, see Quintard and
Whitaker [9]. In their theory, the non-uniform saturation profiles generated when
the capillary equilibrium and separation of scales conditions are removed, lead to
effective relative permeabilities that are not well-behaved (pp. 460-467).

Using stochastic analysis and perturbation theory, Chang et al. [6] and Abdin
et al. [1] study effective parameters of steady state flow in arandomly heteroge-
neous one-dimensional medium. Based on a specific choice of correlation function
for absolute permeability, and an exponential relationship between relative perme-
ability and capillary pressure, they derive first-order perturbation formulas for the
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effective relative permeabilities. However, saturation does not enter explicitly in
their set-up, thereforeiit is difficult to compare their resultsto ours.

The possibility of discontinuous capillary pressure at the interface between
different rocks, and its influence on effective parameters (see Equations (18)—
(23)), is not considered by any of the above authors. This problem (*the extended
pressure condition’) is studied in [9] by C. J. van Duijn et al.; their results are
consistent with ours.

6. Applicability of Capillary Limit Effective Parameters

The methods detailed have been implemented into a software package, EFFEC-
TIVE, facilitating convenient computation of two-phase effective parameters for
one-dimensional heterogeneous media. This software has been used to compare
capillary and viscous limit effective parameters with their finite velocity coun-
terparts. In two-dimensional and three-dimensional models, the capillary limit
assumption tremendously simplifies determination of effective parameters. In fact,
analytical results are available only for this limit. Thus, the question of applica-
bility of capillary limit effective parameters is of practical importance. It should
be borne in mind, though, that the computations to be reported were carried out
in one dimension, and thus do not tell the full story about two-dimensional and
three-dimensional problems.

Computations were carried out for water wet and mixed wet media. Viscosities
were always 1.0 cp and 2.0 cp for water and oil, respectively. In the water-wet
mediaindividual rocks were assumed to have identical relative permeabilities, and
capillary pressures determined by the absolute permeability

Wi (58)

pi(s) = J(5) 7

Here, v is surface tension, ¢ porosity, and J(S) aLeverett J-function.
Results are presented versus an inverse macroscopic capillary number

o Whkno (59)
Luou

giving a measure of the ratio between capillary and viscous forces (Yortsos and
Chang [23]; Chang and Yortsos [5]). Note that ¢ does not give a complete descrip-
tion; it does not react to the shape of the J-function, nor to variation of water
viscosity or to sequencing of rocks. In the mixed wet media, we need to define a
pseudo surface tension

y=Yhr, (60)

v
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where
1 ) )
Ope = > (PL(SL) —ph(1—S2,) (61)
i=1

fromwhich e can be defined. Absolute permeability entersin asquareroot, because
of the correlation with capillary pressure. In the experiments to be reported, ¢ is
varied by varying L.

6.1. WATER-WET MEDIA

Two different heterogeneous mediawere constructed from 5 rocks of equal length,
having absolute permeabilitesk; =i Dfori = 1,...,4and ks = 0.25D. Porosity
is0.25 for all rocks. Relative permeabilities are k., = S2, k,, = (1 — )2 for all
rocks. To investigate the effect of the shape of the J-function, two formulas were
used in the calculations:

J(S)=1-S8,
J(S) = (1—5)(28% — 25 + 1).

Two different sequencings have been considered: Medium A has 2-5-1-3-4 (left
to right), and medium B has 5-1-2-3-4. The interfacia tension is 20 x 10~3 N/m.
Only medium B appeared to be sensitive to the shape of the Leverett J-function.

6.2. MIXED WET MEDIA

Two different media were used, each composed of 3 rocks of equal length. Rocks
all have absolute permeability 1. Medium D and porosity 0.25. Capillary pressure
curves for individual rocks are shown in Figure 7. For medium C, rock relative
permeabilities were:

Rock 1 Rock 2 Rock 3

ko 0282  S2 0.552
ko (1—S5)2 02(1—S5)2 05(1—S)2

Medium D differed from medium C only by its relative permeability curves,
which in this case were the same for all rocks, k., = S?, k., = (1 — S)2.

6.3. RESULTS

As examples of effective parameters, medium A (nonlinear Leverett J-function)
effective relative permeabilities are shown for different capillary numbersin Fig-
ure5.
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Figure 7. Rock 1-3 capillary pressures.

Results are otherwise presented in two ways: Table| is based on visual observa-
tions. Anentry C.L. indicatesthat effective relative permeability curves practically
coincide with their capillary limit counterparts. Similarly, V.L. indicates coinci-
dence with viscous limit curves. No distinction is made in the table between the
two different Leverett J-functions.

The same results are presented in Figures 8 and 9, showing S& — Sar (AS) and
EST(SET) — kred (Suk) (Ak,,), respectively, both versus the capillary number, £. In
the figures, we have distinguished between positive (+) and negative (—) direction
of flow. For medium B, we also distinguish between linear (1) and nonlinear (n).

The picture emerging is the same as that in the tables: For ¢ > 100, we are
always practically at the capillary limit, while ¢ < 0.1 is close to the viscous
limit. With the data given, and « =10cm/d, e =100 correspondsto L ~ 0.1 m for
media A and B. Thus, only for very small scale heterogeneities can we guarantee
applicability of capillary limit parameters in these low capillarity cases. Media C
and D have capillary forces afactor of about 20 larger, and £ = 100 correspondsto
L ~ 2m. Evenin these cases, therefore, applicability of capillary limit parameters
can be guaranteed only for sub meter-scale heterogeneities, although this depends
on the accuracy required.
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Figure 8. Difference inirreducible water saturation.

Tablel. Rate dependence of effectiverel-
ative permeabilities.

Medium ¢

0.1 10 100
A V.L. CL. C.L.
B V.L. — C.L.
C V.L. — C.L.
D V.L. — C.L.

7. Numerical Displacement Experiments
7.1. INTRODUCTION

In practical situations, the conditionsfor validity of effective parameters discussed
in Section 2 are never satisfied inastrict sense. Also, the steady-state approach taken
may seem to be too restrictive. The question immediately arises, therefore, as to
the applicability of our effective propertiesin real-life problems. In this section, we
report some numerical experimentsto addressthis question. Displacement of oil by
water was considered, in one-dimensional reservoirs. For a given heterogeneous
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Figure 9. Differencein endpoint oil relative permeability.

reservoir, a detailed simulation of the process provided a ‘true’ solution. The
same process (identical initial and boundary conditions) was then simulated in a
homogeneous reservoir of the same total length, with rock properties equal to the
effective properties of the original medium, computed as detailed previously. The
discrepancy between these two solutionsisthen taken as ameasure of applicability
of the effective propertiesin the case in question.

7.2. EXPERIMENTAL SETUP

Heterogeneous media A and C were considered, see Section 6. In medium A, we
used J(S) = (1 — 8) (252 — 25 + 1). Individual rocks were taken to be 20cm
long in each case, and the reservoirs were each made up of 20 periods, providing
for atotal reservoir length of 20 and 12 m, respectively.

Reservoirs were initially 100 percent saturated with oil. We wanted water to
be injected at a constant pressure, and production to take place at a given rate.
The reservoir simulator used handles flow to wells somewhat unphysically ([10]),
inasmuch as the well block oil pressure is used for both phases. This prevents
imbibition at the inlet, and outlet end effects. A dummy block was added at the
inlet, with a very large pore volume and large permeability, and with large fluid
and rock compressibilities. Its capillary pressure is zero. Initialy, the block is
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Tablell. Cases.

Case Medium w(cm/d) py (Cp) e

Al A 0.864 0.1 39
c1 C 0.864 0.1 1.6 10°
(o) C 86.40 10 16

100 percent water saturated. This approximates the constant pressure boundary
condition wanted, while allowing for countercurrent imbibition. At the outlet, an
extradummy gridblock was added, of the same size asthe standard gridblocks (see
below). Permeability is high, and capillary pressure zero, allowing for outlet end
effects.

In the reservairs, fluids (and rocks) were taken to be (almost) incompressible.
Qil viscosity was always 2cp. The three different cases considered are shown
in Table Il. In the table, ¢ was computed according to (59), with v computed
according to 61 if necessary. Note that water viscosity is not taken into account
in these formulas. The experiments reported in Section 6 used u,, = 1cp. In
comparison, y,, = 0.1cp and ., = 10cp should imply less and more influence
by viscous forces, respectively, in particular at high water saturations. The low
velocities for cases A1 and C1 was chosen not for realism, but to put our methods
to aseveretest.

Judging by the capillary numbers, we expect case C1 to be very close to the
capillary limit. Also, case A1 would be expected to be capillary dominated, while
case C9 is moreintermediate.

Effective oil relative permeabilities are not defined at zero water saturation.
Due to the way the simulations were carried out (100 percent oil initialy), we
augmented the curves produced by EFFECTIVE by feeding the simulator the
correct (one-phase) effective oil relative permeability at S = 0.

In simulating displacement in these heterogeneous reservoirs, and their homo-
geneous counterparts, we have used a uniform grid with Az = 0.01m (except for
the dummy inlet block). The main practical advantage offered by effective parame-
ters, of course, is the possibility to handle small-scale heterogeneities accurately
with coarse numerical grids. However, effective parametersare material properties,
defined without any reference to numerical grids or to numerical simulation. We
have chosen to focus on these fundamental aspects, and used the fine grid even for
the homogeneous reservoirs to eliminate numerical effects as an issue.

7.3. RESULTS

Simulation results are presented in Figures 10-16. Each figure shows results from
aheterogeneousreservoir (full line) and the corresponding homogeneous reservoir
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Figure 11. Producing ail fraction, case C9.

(dashed line). Resultsfrom case C1 are not presented, being quite similar to the C9
case.

Figures 10 and 13 show pressuredropsvs. time. Pressure dropsin heterogeneous
reservoirsare measured from theinlet gridblock to thelast gridblock in thelast rock
of the sametype, and between the same gridblocksin the homogeneousreservoirs.
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Figure 13. Pressuredrop, case Al.

7.4. DISCUSSION

Results are quite satisfactory, in particular for case C9, where breakthrough is off
by less than 2 percent, and final pressure drop by some 2.5 percent (Figures 11
and 10). Total productionis slightly larger from the homogeneous reservoir, while
backproduction (not shown) is larger (0.6 percent of origina oil in place, vs.

0.2 percent) from the heterogeneousone. These slight discrepanciesare presumably
caused by end effects.
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Figure 15. Saturation distribution after 0.13 PV, case Al

Note from Figures 12 and 13 how the homogeneous reservoir averages the
saturation distribution obtained in its heterogeneous counterpart. These figures
also illustrate why the steady-state approach taken in developing the pseudos is
not as limiting as it may appear: Behind the front, the average saturation is seen to
be reasonably constant. Thus, the separation of scales condition is well satisfied,
and the saturation distribution is close to what it would be in steady state, at the
prevailing fractional flow.

In the front region separation of scales is clearly not satisfied. Even so, the
front seemsto be reasonably well approximated. Whether thisis an artifact of our
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Figure 16. Saturation distribution after 1.3 PV, case AL.

particular examples has not been established. In any case, the front region would
normally be short compared to the total reservoir length. Inaccurate treatment
would therefore presumably have but a small effect on overall performance.

Case C1 (not shown) is heavily capillary dominated, as witnessed by ¢ =
1.6103. Capillary end effects are very important. Performance is almost as good
as in the C9 case. Breakthrough is off by some 2.5 percent. Backproduction has
doubled from the C9 case.

Case Al is capillary dominated, and water wet, which resulted in large back-
production (about 25 percent of original ail in place). Countercurrent flow is not
considered when computing effective properties, see Section 4, where0 < f < 1is
assumed. Also, spontaneousimbibitionisaninherently transient process, for which
our steady-state approach conceivably may be inappropriate. Finally, Figure 16
shows pronounced end effects, persisting for a significant part of the reservoir,
causing the average saturation to be far from constant in these regions. Perfor-
mance may still be considered acceptable, however. Thisis heartening, indicating
that effective properties may be applicable in awide range of practical situations.

8. Summary and Conclusions

We have constructed the effective relative permeability curves and the effective
capillary pressure curve for aheterogeneousone-dimensional porous medium. The
unit cell for the heterogeneities is composed of a finite number of homogeneous
rocks in series. All rock parameters, including relative permeability curves and
capillary pressure curves, are allowed to vary independently between different
rocks.
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The effective parameters are determined on the basis of the steady state sat-
uration distribution in the medium, with periodic boundary conditions. Capillary
equilibrium is not assumed, thus saturation distribution is allowed to vary within
the averaging volume. Special care hasto be taken with respect to pressure discon-
tinuities at the interface between neighbouring rocks; this phenomenon may occur
if neighbouring rocks have different capillary pressure endpoint values. In these
cases, the common harmonic averaging procedure to calculate effective relative
permeabilities has to be modified.

The effective parameters are generally rate dependent. By letting the rate tend
to zero, keeping all other rock and fluid parameters fixed, we show that the well
known effective properties for capillary equilibrium conditions result. Asthe rate
tends to infinity, we obtain the effective properties for viscously dominated flow.
The effective parameters as functions of the correlation length show the same
convergence behaviour: As the correlation length increases from zero to infinity,
corresponding effective parameters vary from the capillary limit to the viscous
limit parameters.

By construction, our effective parameters are applicable when the spatial sepa-
ration of scale conditions are satisfied, and the flow is sufficiently slowly varying.
To study their applicability in dynamic displacement situations, we compare fine
gridded simulations in heterogeneous media with ssimulations in their homoge-
neous, effective counterparts. Performance is quite satisfactory, even with strong
fronts present, indicating that our effective properties may be applicablein awide
range of practical situations.
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