Available online at www.sciencedirect.com
W of

" ScienceDirect APPLIED

MATHEMATICS
AND MECHANICS

ELSEVIER Journal of Applied Mathematics and Mechanics 71 (2007) 424-431

www.elsevier.com/locate/jappmathmech

The statistical characteristics of the displacement
front in a randomly heterogeneous medium™

P.Ye. Spesivtsev?, E.V. Teodorovich®

2 Paris, France
Y Moscow, Russia

Received 20 June 2006

Abstract

The problem of the displacement of oil by water in a randomly hetrogeneous medium with specified statistical characteristics is
considered. Using an improved perturbation theory within the framework of the Buckley — Leverret two-phase model, a statistical
solution is constructed which enables the average shape of the displacement front to be obtained, and also the variance of the
saturation and the longitudinal velocities on the displacement front, together with a variogram of the fluctuations of the front shape.
© 2007 Elsevier Ltd. All rights reserved.

The mathematical description of the displacement of oil by water! is based on the theory of two-phase seepage of
immiscible liquids in a porous medium. When considering a randomly heterogeneous medium, when the conductivity
(and also the porosity) is a certain random function of the coordinates, the water saturation, the seepage rate and other
characteristics of the displacement are also random functions of the coordinates. It is of interest to find their average
values, the variances and statistical moments of different orders, which are essential, for example, for estimating the
probability of water breaking through into the oilwell.

When using one of the most widely employed approaches to solving this problem, namely, the Monte Carlo method,
a deterministic problem for the specified form of the conductivity field is first solved numerically, and then averaging
is carried out over the samples using the statistical properties of the conductivity field, assumed to be given. To obtain
sufficient accuracy when obtaining these statistical characteristics, detailed numerical calculations are necessary for
each sample of the conductivity field and the use of a large number of samples for further averaging, which leads to
considerable computer costs and limits the possibilities of simulation.

An analytical approach to the problem consists of finding statistical solutions of stochastic differential equations
and reduces to obtaining a system of equations for the statistical moments and their subsequent solution. The problem
then arises of terminating the infinite chain of equations for the statistical moments using some closure hypothesis.

As it applies to single-phase flows, the closure procedure is carried out by introducing effective characteristics of
the medium, which enable the behaviour of the system to be described over a large-scale medium taking into account
the average effect of very small-scale processes. In the majority of cases, the effective conductivity is calculated using
the lowest approximation of perturbation theory; it can be improved by summing a certain infinite subsequence of
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a perturbation-theory series (“the improved perturbation theory”2>~*) or using the renormalization-group method,>~’
known in the theory of random media as “upscaling”.

As it applies to two-phase flows, the pattern is complicated by the occurrence on the displacement front of inhomo-
geneous finger-shaped structures, related to Saffman - Taylor instability.® A mathematical analysis of the problem is
difficult due to the fact that the conductivity of the medium depends on the water saturation, and this leads to a non-linear
relation between the water saturation and the seepage rate (called the “viscous coupling”).” However, in the majority of
paper on two-phase seepage flows the simplified problem of the evolution of water saturation in a given field of random
velocities, the statistical characteristics of which were assumed to be known, was solved, or the random-velocity field
was determined from the solution of the problem of single-phase flow in a randomly heterogeneous medium.'%-12 A
number of authors'>!* have drawn attention to the importance of taking the viscous coupling into account. Viscous
coupling was considered in the lowest approximation of perturbation theory in Ref.15, and was also considered within
the framework of the improved perturbation theory in Ref.16. In the linear approximation, an equation was obtained in
Ref.16 for the seepage rate, the solution of which enabled the dispersion of the longitudinal shifts of the displacement
front and the average shape of the front to be determined.

Using the formalism developed earlier in Ref.16, below we calculate the variance of the longitudinal velocities and
the variance of the water saturation on the displacement front, and also variograms of the longitudinal displacements
of the front surface.

1. Formulation of the problem

The Buckley — Leverett system of equations,»!” describing the process of displacement of oil by water, is the basis
of the mathematical model of the process of two-phase seepage, neglecting gravitational and capillary phenomena.
This system consists of the water-saturation balance, the law of conservation of mass (volume) of both phases and the
generalized Darcy law for a two-phase system

¢%—f+F(S)uVS =0, Vu=0, u=-AVp (1.1

Here ¢ is the porosity, S is the water saturation (the fraction of the porous space filled with water), u = u1 + u is the total
seepage rate of both phases (water and oil), F(S) is the Buckley — Leverett flow distribution function, which depends
only on the water saturation (the form of this function is determined by the ratio of the mobilities of both phases'), p
is the pressure and A is the generalized conductivity of the two-phase system, which depends on the mobilities and the
relative permeabilties of each of the phases.!”

It is assumed that the generalized conductivity N depends on the saturation S, and in the case of a randomly
heterogeneous medium is also a random function of the coordinates. It is usually assumed that

A(r, S) = x(r)K(S) (1.2)

where k(r) is a random function of the coordinates with specified statistical properties. Henceforth we will assume that
¢ = const, which corresponds to replacing the porosity function by its average value and does not essentially reduce
the generality of the analysis.

It should be noted that, in view of the dependence of the conductivity A on the saturation, according to formula
(1.2), the seepage rate u depends on S, as a result of which Eq. (1.1) are strongly related, and a consideration of this
relation (“‘viscous coupling”) is extremely important.

In a homogeneous medium the solution of the problem of the motion of the displacement front is constructed by
the method of characteristics, where it turns out that the solution for water saturation must be sought in the class of
generalized solutions containing discontinuities on the displacement front.! Henceforth we will confine ourselves to
investigating the behaviour of the discontinuity surface (the shape of the displacement front) in a randomly inhomo-
geneous medium on the assumption that on both sides of the discontinuity surface the values of the water saturation
are specified constants S and ;. The problem will be considered in a space of arbitrary dimensions d, but in the one-
dimensional case the solution is trivial, and we will consider the two-dimensional problem (d = 2) and three-dimensional
problem (d=3) as special cases. We will introduce the following notation below. The set of spatial coordinates is a
d-dimensional vector r with components x; (the Latin subscripts take valuesi=1, . . ., d), the x axis is directed along the
average direction of the front propagation, and the components of the (d — 1)-dimensional vector y, orthogonal to the
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x1 axis, will be denoted by x,, where the Greek subscripts take values (=2, .. ., d). In this notation, the gradient vector
has components 9; = {91, 3}, the wave vector Q=1{q, q}, which arises when carrying out Fourier transformations,
has components g; and gq.

We will write the equation of the interface in the form

O(xy,y,1) = x;—h(y, 1) =0 (1.3)

The region occupied by the first liquid (water) corresponds to the value ¢ <0, while ¢ >0 corresponds to the region
occupied by the second liquid (oil); the front and rear sides of the discontinuity surface correspond to ¢ = +0 and
¢=—0.

From the first equation of (1.1) at the interface we can obtain an equation for the function 4(y, t), defining the shape
of this surface'®

c uyF(S,)-F(S,)
o,h(y, 1) = 2(u, —u,d, h , cg = —S—217 " 12l
Hh(y ”0( 1= U9 [0 Co PR (1.4)
where uq is the mean seepage rate directed along the x| axis.
In the linear approximation, the equation for the function 84 =h — cot can be written in the form
0,0h = Ldh+ f (1.5)

where L is a certain linear integro-differential operator; ' it is constructed within the framework of the “improved per-
turbation theory”’, when the value of the fluctuations of the logarithm of the conductivity In[k(r)/k0] plays the role of the
parameter of the expansion in series of perturbation theory, rather-than the conductivity fluctuations 8k (r)/ (k(c)).”- %17
The function &/ describes the perturbations of the plane surface of the displacement front, while fis a random function
which depends on k(r).

In Fourier-transform space the solution of Eq. (1.5) is represented in the form'®

n(g, q) 0 K(r)
Sh N = M N s = e — = _
(@0) = Mg == ¢y = =2, ur) = [0 (1.6)
M(q,,q) = ¢ (1+lq‘A) A= KGD-KS) 17
»4q) = , =—° = _
(lQ1+AQ)(Q%+q2) q 4K(S)K(S,) (1.7)

In the expression for p(r) the constant kg is chosen in such a way that (j(r)) = O (here and henceforth the angle
brackets denote the average over the ensemble of samples of the conductivity field); in this case, kg is the geometric
mean of the random function k(r) at the point r (by virtue of the statistical homogeneity of the conductivity field this
quantity is independent of r).

We can calculate the dispersion of the shift in the displacement front from the formulae'®

_esitey - L T(d2-1) I ryi-2
By = (8h(r)) = zﬁr((d_1)/2)1(d,A)£D(r)[1~(r—o) err (1.8)
T .2 2 2
I(d, A) = [©(8)sin"0ds, ©(6,4) = SN O+A cos 6 (1.9)
0 cos 9+Azsin26

Here D(r) = ((r)(0)) is the paired correlation function of the log-conductivity. The arbitrary parameter ry is related
to the non-uniqueness of the solution of the equation for Green’s function of the Laplace operator. This problem was
discussed in detail in Ref.16, formulae for /(2, A) and I(3, A) were derived, it was shown that the choice of the form of
the correlation function D(r) has no appreciable effect on the result for By, and it was also pointed out that the case d =2
is a singular case in view of the logarithmic increase in Green’s function of the two-dimensional Laplace equation.
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2. The variance of the longitudinal velocities on the displacement front

According to solution (1.6), the Fourier transform of the longitudinal velocities on the displacement front has the
form

V1(q, ®) = -1wdh(q, w) = —ig;M(q,, Q)K(q;, q) 2.1)
Hence we can obtain the variance of the velocities on the front surface
dqdodq'de’
2m)? 2m)?

Ty = (0¥ D) = [(v,(q, ®)vy(q, @) exp{uq +q)y - (o + )1}

= —co[a,4M(q,, OM(q}, @) (1(g;, DL(g}, q)) X 22)

dqdqldqdql
2n)? 2r)?

x exp{i(q+q")y - 1cy(q, +‘1x) b—

Using the formula

(1(qp, (g}, @) = (2m)’8(q, +¢,)8(q +q)D(q;, q) =

4 2.3)
=(2n)"8(Q+Q)D(Q)
and the property M(—q1, —q) = M*(q1, q), which follows from the first equation of (1.7), we obtain
dqdg
T, = COIQ1|M(Q:,Q)I D(tth)( )' (2.4)
21

where D(Q) is a specified function, which, in an isotropic medium, depends on q% + ¢* = Q?, which enables us to
represent it in the form of a Laplace integral

oo

D(Q) = [p(m)exp{-mQ’}dm 2.5)

0

The function p(m) defines the form of the correlation function of the log-conductivity D(r).
Using the notation g; = Q cos 8, ¢ = Q sin 6 and formulae (1.7), (2.3) and (2.5), we obtain

Q P - .
T, = c(z) d"(lill(d,A)jp(m)dmj-exp{—mQZ}Qd 1dQ (2.6)
(2m) 0 0

T
1,(d, A) = j@(e)sin“ecoszede = I(d,A)-I(d+2,A) =

’ 2 dan 27
d+1+A (d+1 1) A 2n
=4*r 2B -2 1, A), Q,=
1-4° ( ) 1-A° (d4), £ T'(d/2)

2’2

Here B(a, b) is Euler’s beta-function and €2 is the area of the surface of the d-dimensional sphere of unit radius. The
integral over Q is expressed in terms of the gamma-function, while the integral I(d, A), defined by relation (1.9), in
general is expressed in terms of hypergeometric functions, but in the special cases when d=2, 3 is expressed in terms
of elementary functions.'®

As was done previously (see the Appendix in Ref.16), it can be shown that

pUm)dm _ pxy) = D
f(4nm) lr=0 0 (2.8)

where Dy is the variance of the log-conductivity of the medium.
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Using relations (2.6) and (2.8) after the calculations leads to the following expression for the variance of the velocities

2
_¢yDyl,(d, A)
To = 3@~z 12 2.9

3. Variance of the water saturation in the region of the displacement front

Assuming that the water saturation distribution near the displacement front has the form of a discontinuous function,
which experiences a jump at the displacement front, the expression for S(r, f) can be written in the form of the generalized
function

S, +S, §-5,
= ==

sign[x; — ¢yt — h(y, 1)] (3.1)

To calculate the average distribution of the water saturation we must average expression (3.1) over the fluctuations
in the shape of the interface &4, i.e. calculate the value of (sign[x; — cot — 8h(y, 1)]). To do this it is convenient first
of all to obtain its derivative with respect to x;. Using the formula 9,signx = 23(x) and representing the d-function in
the form of a Fourier integral, we obtain

(8[x; —cot=0h(y, D) = jCXP{ 1p(x; —cot) }(exp{-1pdh(y, t)}>‘21—7’z =

3.2)
. d
= [exp{ip(x; — e} ¥lg(p. 2. DISE. 8(p.2,7) = —pB(z-y)8(t-1)
¥lg(p, 2 0] = (exp{1[8h(z 1)g(p, 2, T)dadt}) (3.3)
where ¥[g(p, z, 7)] is the characteristic functional of the random field 8A(y, 7).
The form of the characteristic functional for a normal distribution of the random field has the form
Y(g(p,z,1)] = exp{—éj‘g(p, z,T)B(z,7;,2,7)g(p, 7, t')dzdrdz'd‘c'}
, 3.4
B(z,7;7,7) = (Sh(z, T)0h(Z, 1))
which, taking into account the form of the function g(p, z, T), gives
1 2
Yig(p,z, V)] = CXP{—EB(}’, 1y, t)p } B(y,1;y,1) = (8h’(y, 1)) = B, (3.5)
where By is the variance of the longitudinal shifts of the front.
After integrating over p and then over x;, we obtain
. ‘xl - Cot
(sign[x, —cot = 6h(y, 1)]) = erf] 3.6
1 0 /\/2——56 ( )

which, after averaging (3.1) and taking (3.6) into account, leads to a formula for the mean distribution of the water
saturation.'©
Using representation (3.1) and the obvious relation sign”(x) = 1, we obtain for the mean square of the water saturation

ST+SS ST-8 (x,-cyt
- erf|
2 2 2B,

(SX(r, 1)) = (3.7)

which leads to the required formula for the variance of the water saturation

(S; - 52 <!
o5 = (S (r, ) - (S(r,1)” = (ITZ) {1 _erfz(XI 22 ]}
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4. Variogram of the longitudinal shifts of the displacement front

One of the characteristics of the random field f(r, r) widely used in geostatics is the variogram, which is defined by
the relation

(e 50 1) = (Lf(n 0 - £(8, 01

and for a stationary and statistically homogeneous field, when
(f(r,nf(r,1)) = B(r-r,t-1)

the variogram is simply related to the paired correlation function
Y(r,5; 1, 1) = 2[By—B(r-r,t-1)]

where By =B(0, 0) is the variance of the random field f(r, 7).
We will consider the variogram for 84 — perturbations of the shape of the plane displacement front x; — cot=0

Y(y) = ([8h(y) - 8h(0)]*) = 2[B,~ B(y)] 4.1

In the two-dimensional case, the integral expressions for By and B(y) contain logarithmic divergences, which lead
to non-uniqueness (the dependence of these quantities on the normalization point rp), which are discussed in detail in
Ref.16, but this problem does not arise for variograms.

We will calculate the paired correlation function

d
B(y) = (3h(y,08h(0,1) = [|M(q), @]’ D(,, q)exp{ray} (zl )"
T

Using formulae (1.7) and (2.5) for the Fourier transforms 8A(y, w) and D(q1, q), we obtain

B(y) = Jp(m)dmj{l”‘[ |- ‘1222}x

$+AT G+dd ()

4.2)
dq,dq

(2m)

X exp{—m(q? +4%) +1qy}

To carry out the integrations over ¢ and q we use the formulae

1 J n-1
— = exp{-ng’ 1" 'dn
(¢") ” s
K 2 dg 1 y2
J(q) = | exp{-Nng +1gy};- = ——expy—:—
i n Jamm p{ 4“}
- , ,
d dJ
[expt-ng’+ 190y 5 = ~470)
dy

—oo

After carrying out the integrations over the components of the vector g, substituting 3 = 1/(1 + m) and integrating by
parts, we obtain the function B(y), and from formula (4.1) for the variogram we obtain

Y() = j"""’”);‘,’;’jxw M1 - exp(-2) B> 2
(4.3)

X(B, ) = “A{ —1J-%(1+B)

AA/1—(1—A )B
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20

Fig. 1.

In the case when the paired correlation function of the log-conductivity has the form D(r) = Dy exp(—r?/a?), the
function p(m) is given by the relation p(m) = Do(4mtm)¥? 3(m — a%/4) and formula (4.3) simplifies to

Doa2x y2 di2-2
Y({y) = TJX(ﬁ,A){l - exp —;55 }B dap 4.4)
0

Note that, according to the general principle of the weakening of correlations at considerable distances, we have
the limit relations B(y) — 0 and y(y) — 2By when y — 0.

The results of a calculation of the variograms in the three-dimensional problem for three different values of the
parameter A are shown by the dashed curves in the Fig. 1.

The case d=2 is a special case in view of the characteristics of the behaviour of Green’s function for Laplace
equation (the logarithmic increase at long distances). Corresponding to this for large y the variogram also increases
logarithmically. To estimate the asymptotic form in this case, we bear in mind that in the two-dimensional problem the
neighbourhood of the point B = 0 makes the main contribution to the integral over B. Hence, for large y>/a? the inverse
value of the radical in the expression for x(8) can be taken in the form

[1-(1-a%B1 =1+ -4%pn2
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As a result, after reduction we obtain

2vla)’
j A"—A+21-exp(-t)
A+1 t

_ Dya
Y0) = —

2
2 a —
+(A"-A+ 1)(;) (1- exp(—t))}dt =
4.5)
_ Doa A? A+2l y

2 A@A+D "ptod)

a function that increases logarithmically for large y/a. When obtaining formula (4.5) we took into account the

relation

J%m = Cp+Inx+ j%(_t)dz is Euler’s constant

0 x

The results of the calculation of the variograms using formula (4.4) for d=2 are shown in Fig. 1 by the continuous

curves. It can be seen that in this case, for long distances, the variograms increase logarithmically in agreement with
the asymptotic formula (4.5).
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