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Abstract

We have performed experiments and simulations to study the accuracy of Kr determination by the
membrane technique. We have developed a numerical simulator and an analytical model which
both account for the membranes as a boundary condition. The analytical model is based on the
assumption of constant Kr and linear Pc during a small pressure step. These assumptions lead to a
saturation equation which can be solved by standard methods used for thermal problems. The
conclusions of the experiments and the simulations are the following;:

e for intermediate saturation values, the transient production is governed by membrane
permeability, without any real influence of the Kr, when the membrane resistance
(thickness/permeability) is larger than core resistance.

» for oil/water systems, the transient production is controlled by the very small mobility of
the fluid at low saturation near the end-points. Its mobility can be determined with good
accuracy, especially for very small Kr values. But, the mobility of the other fluid (at the
highest saturation) cannot be determined. '

» for oil/gas systems, the oil permeability can be determined, provided that the resistance
ratio is smaller than 1 (membrane resistance/ core resistance).

Our conclusion is that transient production during Pc measurement with porous plate or membrane
techniques cannot be used for Kr determination of liquid /liquid systems, except if the two following
conditions are satisfied :

1) very low membrane resistance (smaller than core resistance)

2) independent measurement of the Kr(max) at end-points by removing the membranes and
using a standard one-phase flow.

Introduction

In core analysis, there is a general trend towards simultaneous determination of relative
permeabilities and capillary pressure curves during the same experiment. In this paper, we have
studied the accuracy of relative permeability determination by using the transient production
obtained during capillary pressure measurements with the membrane technique.

A few years ago, several studies (Richmond and Watson, 1988, Chardaire-Riviére, 1992) where
devoted to the simultaneous determination of capillary pressure curves (Pc) and relative
permeabilities (Kr) by automatic history matching during core flood experiments. It is now
recognized that it is more accurate to measure separately the capillary pressure. However, the Kr
functions can be derived using the transient of the production. Several papers have been published
for the various methods. For centrifuge : O'Meara and Crump, 1985; Nordtvedt et al., 1993; Nimmo,
1990 with local saturation measurements using resistivity. For "porous plate" or "membrane”
method: Jennings et al., 1985; Longeron et al., 1994; Christoffersen, 1995. In the membrane method,
the transient is often used to estimate the equilibrium saturation (Guo and Hammervold, 1993). A
new method combines the membrane method and a continuous injection (Kokkedee and Boutkan,
1993; Kokkedee, 1994).

We have used the transient method with membrane and have observed that it is possible to obtain
a good history matching but with a very poor accuracy on the Kr values. This poor determination is
due to both the hydraulic resistance of the membrane and the presence of the second fluid. In order
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to determine the intervals of confidence for kr determination, we have performed numerical
simulations for various values of membrane resistances and fluid viscosities.

Numerical Tools

We used two approaches, a numerical simulator with boundary conditions corresponding to the
porous plate experiment and an analytical calculation suitable for small pressure increments and for
sensibility studies.

For both calculations, the standard Darcy's equations are used together with the condition of no
flow through the two membranes. The pressure drop AP across the membrane is assumed to be
proportional to the flow rate u (per unit surface area) AP =Ry, pu where p is the fluid viscosity
and Rm a parameter that characterizes the hydraulic resistance of the membrane (the "resistance”
of the membrane). For a porous sample, the resistance Rpm is equal to L/K (length of the sample over
single-phase permeability). Generally the membrane resistance is derived from a single-phase
flow through the porous sample with and without the membrane.

numerical simulator

A 1-dimensional finite volume code has been developed. The main advantage of this method is that
the flux conditions are naturally introduced. A Crank Nicholson scheme is adopted for time
discretization. The non-linear terms are solved using a simple substitution technique. The final
linear system is solved by a triangularisation method. Convergence tests based on the root of the
square sum are taken at a precision of 10-4. The number of nodes was generally 80, uniformly
distributed all along the porous medium.

analytical model

Contrary to the centrifuge method or a displacement, the saturation is quite uniform along the
sample during a small step of pressure increment. Consequently, we can assume that the relative
permeabilities remain constant and that capillary pressure varies linearly with saturation. These
approximations lead to a standard diffusion equation with constant coefficients for saturation. The
problem is similar to heat exchange through a wall of finite thickness with mixed boundary
conditions. The solution in the form of an infinite series is given in Carslaw and Jaeger (1959). The
calculations are detailed in the Appendix. The model needs on the order of 100 terms in the series
and the calculation of the roots and the series is developed in FORTRAN. This approach is very
fast but the main advantage is to give a better understanding of the effect of the various
parameters.

We have checked that the numerical and analytical calculations give identical results for
saturation profiles and effluent production. In addition, the results have been compared with
simulations treating the membrane as a second porous medium. The results are the same provided a
fine discretization of the membrane is used (even if its thickness is very small).

Experiments

Our purpose was to measure the gas/oil Kr during intermediate drainage-imbibition cycles.
Drainage and imbibition experiments were performed with paraffinic oil and gas in a high
permeable sample (4 darcy, diameter 7.6 cm and thickness 2 cm, resistance R(core)=5 109 m'1). The
resistance of the cellulosic membrane (thickness/permeability ) was 260 times larger than the
resistance of the medium. Average saturations were measured with an absolute accuracy of 0.001.
We used both the analytical and numerical models for Kr determination and each step was studied
independently. The main conclusions are the following:

1) each step can be fitted keeping a constant value for the resistance of the membrane.

2) for intermediate saturation, the kinetics of effluent production is mainly controlled by
membrane resistance. The transient shown in Fig. 1a is used to determine the membrane
resistance R(membrane)=1.3 1012 m-1. The value of oil relative permeability has a small
influence (Fig. 1b). Changing the Kr(max) from 1 to 0.01 has the same effect as changing the
membrane resistance by a factor 2 (compare Fig. 1a and 1b).
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Fig. 1 - Experimental results. transient pproductions during gas/oil drainages.

3) near the end-points, the transient production is controlled by the fluid that is at the lowest
saturation. At low gas saturation, the fit is controlled by the end-point saturations from
0.18 to 0.182 in a Corey representation (Fig. 1c). At high gas concentration, the fit is highly
sensible to a change from 0.199 to 0.200 in oil saturation (Fig. 1d).
4) there is no determination of the Kr values of the fluid at higher saturation (Kr> 10°3).
In the experiment, the membrane resistance is very high compared to the medium, around 260 times
(Table 1). In order to choose a more appropriate membrane for this gas/oil system and also for
water/oil experiments, we performed a systematic simulation to determine the accuracy of the Kr
measurement.

Accuracy Tests

In the transient method, there are two effects that lead to a poor determination of the relative
permeability of fluid 1 :

1) the pressure drop in the membrane

2) the pressure drop in fluid 2 which is important when this fluid is at low saturation.
The two effects are studied independently.

Principle of the simulation
The principle of the calculation is the following;:
1) The "theoretical" values for Pc, Kr and membrane resistance Ry, are known.
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2) To study the effect of membrane resistance, we assume that R is known with an uncertainty

of + 10% (leading to R* and R"). The 10% value seems reasonable to account for the

variation of membrane properties due to pore clogging, mechanical constrain, temperature
effect, etc.

3) A small pressure increment around saturation S is simulated, replacing R by R*or R and

keeping the Krq at its true value. Kr2 is then determined by fitting the simulated effluent

production. The two extreme values R*or R lead to two limits for Krz. Repeating the
procedure for different saturation determine the interval of confidence for Kr. The
confidence interval for Kry is determined by keeping the true value for Kra.

4) To study the effect of the second fluid, we use a membrane with no resistance (R=0 and
consequently r=0). Kry is varied by * 10% and the two extreme values for Kr are determined
by fitting the effluent production. The roles of the fluids are then exchanged to determine
the confidence interval for Krj.

Fluid and core data

For the simulation we have used three fluid systems
Table 1 Capillary pressure » water (1 cp) and 1cp oil,
* water (1 cp) and 30cp oil,

Sw Pc (Pa) * il (1 cp) and gas (0.01 cp).
.175 70000 The rock sample has a permeability of 0.162 Darcy,
2 38500 porosity 0.237, length 2 cm and diameter 4 cm
275 31500 (resistance R(core)=1.23 1013 m-1).
3 31000 There is only one membrane (water-wet) and the ratio
A 12000 r = R(membrane) /R(porous medium) is varied from 1
a5 13300 tc; 100 (resistance from 1.23 10713 m'1 t0 1.23 1011 m-
- 1).
86255 }8(5}% For all the fluid systems, we have simulated a first
9 7000 drainage with initial wetting fluid saturation equal
'1 ) to 1 and final saturation equal to 0.175. The relative

permeabilities are calculated using a Corey function
with exponent equal to 2 and maximum values equal to
1. The Pc curve is given by Table 1.

We have verified that the numerical and the analytical simulators gave similar results (Fig. 2).
We will use mainly the analytical model.
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Fig. 2 - Comparison of sensibility tests performed with the numerical and analytical simulators.
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Fig. 3 - Influence of membrane resistance in water/oil systems with various oil viscosities.
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Results
The results are summarized in Fig. 3 and 4. The shaded area represent the zone of uncertainty.
Effect of membrane resistance only (Fig. 3)

¢ the uncertainty increases with the membrane resistance.

e increasing the viscosity of one fluid increases also the accuracy on the corresponding Kr.
However, the time scale of the transient increases in the same ratio as the viscosity
(compare Fig. 3b for 30 cp oil and 3 e for 1cp oil).

* For an oil viscosity of 1 cp, the accuracy is acceptable only for resistance ratios of the order
or smaller than 1 (Fig. d). For a ratio 10, which is a common value in membrane experiments,
there is absolutely no accuracy (Fig. 3 e).

Effect of the other fluid (Fig. 4)

Simulations were performed with negligible membrane resistance (r=0) and a variation of + 10% for
one of the relative permeability. For any fluid system, the pressure drop in the fluid at low
saturation controls the kinetics of effluent production near the end-points. There is no possibility for
determining the Kr of the fluid at higher saturation and the shape of the shaded area agrees with
this limit. However, the importance of uncertainty in Kr determination depends on fluid viscosity :

« for water/oil systems (oil and water viscosities equal 1cp), there is no accuracy on the
determination of the Kr value (Fig. 4a).

e for oil/gas systems, the determination of oil relative permeability is good till a saturation

of 0.8.
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Fig. 4 - Influence of viscosity contrast when membrane resistance is negligible in water/oil system
and gas/oil systems

Conclusion

At the end of this study we can answer the question raised in the title. Is it possible to really
determine the Kr curves from a porous plate experiment? The answer is no for water/oil systems, and
yes for Kr(oil) in a oil/gas system provided that the resistance ratio is smaller than 1.

However, the parts of curves corresponding to average and low fluid saturations can be derived
provided that membrane resistance is smaller than the core resistance. In this condition, the
determination can be improved if we can measure independently the end-point permeability after
removal of the membrane.
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APPENDIX. An Analytical Solution for the Porous Plate
Experiment

oil-wet membrane We will consider the example of oil displacing
weter-wet membrane water (drainage) in a standard experiment

with two porous plates or two micropore

membranes (water-wet and oil-wet). At t=0 the

saturation is uniform at Swi and the capillary

u pressure is Pcj (Fig. A2). The pressure is
suddenly changed to Pcj. The saturation varies
to reach the final value Swf (Fig. A3). The
purpose of the calculation is to find the
saturation profile S(x) and the effluent
production u as functions of time t.

water (1)

If the increments of pressure and saturation are

P,L) small, we can use the following assumptions :.
1) the relative permeabilities remain
constant during the step
; 2) the capillary pressure varies linearly
;! p.* with saturation during the step.
1

Even with these assumptions the calculation of
the saturation profile and production is not
| straightforward. However, the problem is
similar to heat transfer in a wall of finite

Pressures
=
I
o]
)
E

@ L X thickness and the solutions of such a problem

. ) have been studied in detail The basis of our
Fig. Al - Schematic of setup and calculation can be found in Carslaw and Jaeger
corresponding pressure variation in oil (1959) for a symmetrical case. We will describe
and water across the sample. the more general case where the boundaries
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condition are different for the two sides of the wall.

Darcy’s law for fluids 1 (water) and 2 (oil) is
Hp Ox Hz Ox )

where uj is Darcy’s velocity (flow rate by unit sectional area). The total velocity u does not depend
on x (incompressible fluid). The capillary pressure is

U =- ; u=up+u

Pc=P,-P, &

Fluid 2 is flowing through the membrane at x=0 (noted 2) and fluid 1 through the membrane at x=L
(noted 1).

Py(0)-P;=Ryppu ; Py(L)-P{=Rypu

(3)
Sy 14 |
I 0 |
Sy | |
| I
l /_"\ [
se [” _ _ _ =0
I toeo I
[ L
0 L x g
1| e
St Sy Sy

Fig. A3 - Schematic of the variation of saturation

Fig. A2 - Variation of capillary pressure profile with time

and saturation during a step of drainage

P* are the pressures at the outside of the membranes (kept constant during a step) and P(0) and P(L)
are the pressure at the contact between the membranes and the porous medium (Fig. A2).

Mass balance for fluid 1 is (where € is porosity)

98 , du _
eat+ax . (4)

Boundary conditions: The membrane permeable to water prevent any oil flow. Consequently u1(0)=0
and u2(L)=0. Darcy’s law implies the following boundary conditions

My Ox ' My Ox | (5)

For deriving the pressure equation, we use the fact that the total velocity does not depend on x.

L
jocul +up)dx =uL = - -El (Py(L)~P,(0) + X2 (Po(L)~P,(0)

1 Ha (6)

Introducing the capillary pressure and the external fixed pressures P*.
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u(L+A(Rji; +Ropp)) = ﬁl (Pcg — Pc(0))+ ﬁ-i— (Pcg —Pc(L)) -
1

. A= ..k_!-.{. 52_
with the total mobility Wy Mg (8)

Initial condition: At t=0, saturation is uniform 51=51;

Combined the Darcy’s equations (Eq. 1) the assumptions of constant Kr and linear Pc lead to a
simplified form of the Buckley-Leverett equation

?EL - i klkz . 6‘281
ot € Wika + 1ok axz (9)

We will use as saturation variable the difference S =S;—Sjf and note the additional pressure
drop due to the membranes in the form of an additional length LR of porous medium such as

Lr = AR +RyH,) (10)

using the linear equation for capillary pressure, the pressure equation is then

u(L+Lg)= a% S(0)+ aﬁ— S(L)

1 1) (11)
For the calculation of the solution we will use a simplified notation for the basic flow equations to
have a notation similar to a thermal problem.

35, _p 3,
ot ax (12)
u=pS(0)+p’SL) i
and, at x=0, u=u? (because ul=0), and the opposite at x=L
oS oS
=h— $ =—h'—
’ ax 0 ; ax L (14)
with the parameters
p=2__kikp
€ Hikg +H2kg
h=2 ky . B aky

h" . _ h

“L+lg P L+Lg

B

Solution

The principle of the calculation is described in Carslaw and Jaeger, page 114 (1959) but for a
symmetrical case. We will generalize the calculation for the unsymmetrical case corresponding to
our problem. It can be shown, by using Laplace transforms for instance, that a general solution of the
mass-balance diffusion equation is of the form
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S(x,t) = exp(—Dazt)(A cosax + Bsinax) (16)

The solution must satisfy the boundary and initial conditions. Eliminating u between the boundary
conditions (Eq. ) leads to the following relationships between A and B

- B_ oh'sinaL _ B+p’cosal

A oh+ah'cosol  ah- B’sinaL 17

To verify this equation, o must be solution of the following equation

(Bh’ +p’h)cosal — ahh’sinal + (Bh +Bh") =0 (18)

We have seen that any function

— 2 ’s
S(x,t) = A, exp(=Do,“t)(coso,x + Bsin LX) (19)
satisfies the boundary conditions if oy, is one of the solution of Eq. 16, and B’=B/A (Eq. 17). We will
find a solution which also fit the initial condition S(x,0)=f(x) as an infinite series

S(x,0)= Y A (cosapx+B'sinax)= Y A X, 20)
n=1 n=1

The method to determine the Ay coefficients is similar to the developments in Fourier’s series by an

integration term by term

N L
[ Xn T ApXpdx= [Xaf(x)dx

Tt @1

We follow the demonstration used by Carslaw and Jaeger to demonstrate that all the cross terms are
zero because we have the relationship B’h’=ph. The quadratic term is then integrated

I, = [ X2dx= %.[a - B?)sina,Lcosa,L+2B'sin? a, L +(1+ B ), L]
n

(22)

O ey ™

The An are now calculated for a uniform initial saturation. Finally, the solution is

S(x,t) =S; Z exp(— a,,D:)

n=1 In0n

(sina,L —B’cosa, L + B)(cosoyx + B’sin o, x) (23)

The flow rate can be calculated from Eq. (13)

u(t)=h Siz exp(—a%Dt)-?—(sin o,L—-B’cosa,L +B")
n

(24)
n=1
Effluent production V(t), for unit sectional area, is the integral of flow rate:
1—exp(—a2Dt
V(t) = hS; Z p( n )1 (sina, L — B’cosot, L + B) o
n

10






