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Abstract

Accurate estimation of relative permeability is essential for reliable reservoir history matching
and decision-making, and effective reservoir management. This information is also critical for the

design, implementation, and monitoring of enhanced oil recovery processes.

This study presents an effective method for acquiring the relative permeability data directly
from the well production data in oil reservoirs where water acts as the fluid phase displacing oil.
The methodology presented in this study provides convenient interpretation formulae which are
applicable to unsteady-state, two-phase, immiscible, and incompressible fluids. The total mobility
and the mobility ratio of the immiscible fluids are related to the characteristic parameters of the
displacement process and the cumulative injected fluid pore volume following [1] et al. These
parameters are then incorporated into a general correlation function which allows for analytically
estimation of the relative permeability functions. The present approach produces unique estimation
of the relative permeability functions and is more practical than the previous approaches which rely
on computationally complicated history matching procedures, often suffer from the non uniqueness

issue of the obtained relative permeability data.

This study demonstrated that the fluid viscosity have significant effects on determined relative
permeability curves using Toth et. [1]. Method for radial flow The Toth et al. method works
satisfactorily even for heterogeneous reservoirs. The effect of heterogeneities on the relative
permeability curves is negligible using Toth method. However, the effect becomes significant when

there are channels.
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Introduction

Relative permeability is a critical parameter for evaluation of reservoir performances. Also,
relative permeability is a direct measure of the ability of the porous medium to conduct one
fluid when two or more fluids are present. All of these require accurate and representative
estimates of the relative permeability functions; therefore, there are many methods to determine
relative permeabilities. One of these methods is called [1]. (2005, 2006) method the Toth et al.

is depending upon production data to estimate relative permeability.

The objectives of this approach are study the effect of fulid viscosity and formation
heterogeneity on the relative permeability curves using Toth method. [1] is evaluated using the
simulated well production data generated by means of a commercial reservoir simulator
EclipseTM. EclipseTM software developed by Schlumberger is a reservoir simulator well-known
by the oil and gas industry by over the last 25 years, and it is considered to be the leading finite
difference based reservoir simulator. EclipseTM is a three phase and three dimensional
simulators. It can be used to simulate 1, 2 or 3 phase systems to predict and manage fluid flow
more efficiently. The reservoir simulator has been found to be the most practical, less expensive,

faster, more accurate and adequate when compared with other methods.

The simulation software is used to generate simulated production data with consideration of
formation heterogeneity that substitutes for actual field data. The reason for this is that the actual
data is unsuitable for testing of the method because of noise in the data. However, once the
method has been tested and verified by using simulated production data, this method should be
available for testing with real production data. For this purpose, we assume that the simulation
software represents the real reservoir closely, even though there may be some inaccuracies in the
software. The other main reason for using simulation software is because most of the previous
methods available for determining of relative permeability curves relied upon the other methods
to check and compare their results. Consequently, we cannot be sure about their accuracy. In
addition, there is no real field data available for relative permeability to compare with. Therefore,
the simulation software (Eclipse™™) used for evaluating Toth method especially it is unique

method for radial flow.

Reservoir Simulator Approach
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The Toth et al. [2005, 2006] method considered a disk shape porous sample where the
displacing fluid (water) is injected from a small hole in the center of the core to displace the
displaced fluid (oil) from the surrounding area. Toth et al. assumed one-dimensional radial,
isothermal and unsteady-state flow of two immiscible and incompressible fluids in
homogeneous and isotropic porous media with uniform thickness. Its porosity is @ and
permeability is k. The thickness of the rock sample is h; the radius of the axial well is ry, and
the external radius is r.. The rock sample is saturated with a fluid. Then, this fluid is displaced
by another fluid. The volumetric rate of the injected fluid is q;. The effect of the capillary force
is neglected (P.=0) during the displacement processes. The pressure at the inlet face is Pe; the
pressure inside the well (fluid outlet face) is Py,. Thus, the pressure difference between the outer
and inner faces of the disk is AP = P, - Py. Also, this method assumes that all reservoir
parameters will remain constant during the displacement. In addition, The Toth ef al. method is

applied at and after the breakthrough time.

The radial flow system was simulated using the Eclipse™ software with a real reservoir size.
The Production well is in the center and the injection wells in the surrounding areas as shown in

figure (1).

g, 10

Fig. (1), three dimensional shapes
by Eclipse

Injection wells were used instead of aquifer because it is easy to control the injection wells by

constant rate or constant pressure.

In a radial flow system, there are three main parameters that need to be specified; (1) re is the
block’s outer radius which will divide into several grid blocks in the simulation software, (2) ©

is the segment angle of the grid block in radians, (3) the number of layers (we assumed there is
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one layer in all our examples for simplicity). Therefore, a simple case was started and then

developed the idea.

Toth et al. method can be applied only for unsteady state condition. The determination of
relative permeability under an unsteady state condition can be applied faster than the steady
state condition, but mathematically the application is more complex. In addition, flow
conditions in steady-state methods experiments do not describe reservoir flow mechanisms that
include displacement of one fluid by another. Therefore, unsteady-state methods have been used

more considerably (Mehdi, 1988).

The system under unsteady-state can be operated by keeping the AP constant and letting the
flow rate change or keeping the injection rate constant and letting the pressure vary. We used
the first option AP constant for achieving more accuracy with the used the software. Water was

used as a injection fluid to displace oil from one production well in the center.

The following approach is used for evaluating the Toth et al. (2006) method. The data are
generated by using the reservoir simulation software in the following manner: (1) Assume the
relative permeability curves as input data, (2) Simulate the flow in the radial system by using
EclipseTM to generate the production data as a result, (3) Recalculate the relative permeability
curves by using Toth et al. (2006) method using production data obtained from the software,
and (4) Compare the calculated relative permeability values with the assumed values to check

the accuracy.

Effective of the Viscosity on Toth ef al. Method

The purpose for studying the viscosity effect is to determine the applicability of the Toth ef al.
method to gas/oil or water/gas systems because the viscosity ratio is very high when there is gas
in the fluid system. The viscosity ratio should have a significant effect on determining the
relative permeability curves. However, many literatures (JBN method 1959 and this was
confirmed by T.M Tao (1984)) claim insignificant viscosity ration effect on relative

permeability.

To study this issue, one example with different viscosity ratio as shown in table (1). After that

we applied the Toth et al. method to recalculate relative permeability curves
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Table (1).Viscosity ratio

Parameter | Example | Example | Example
3 2 1
7. m 75 75 75
h,m 14.76 14.76 14.76
vV, m’ 71103 71103 71103
g 0.26 0.26 0.26
k,m’ 9.86e- | 9.86e- [ 9.86e-
14 14 14
AP, kpa 7500 7500 7500
B, 1.23 1.23 1.23
B, 1 1 1
Uo DS 0.004 0.002 0.001
/Mo 8 4 2
Shi 0.3 0.3 0.3

According to Marle (Marle 1981) relative permeability is a function of the density and
viscosity ratios. Thus, the relative permeability curves must change when the viscosity ratio
changes. In fact, Welge (Amyx et al. 1960 and Marle 1981) demonstrated strong dependency of

relative permeability on the viscosity ratio as shown figure (2).

Similar result is observed with the Toth et al. method because their graphs change with the

change of the viscosity ratio as shown in figures (3, 4).

The main reason for changing Wedge’s and Toth’s graph with the viscosity ratio is because
the unfavorable mobility ratio (M). If M <1 oil is capable of traveling with a velocity equal to
or greater than the water and if M > 1 the water is capable of traveling faster than the oil and as
the water pushes the oil through the reservoir, the latter will be by passed (Dake, 1978). Qin et
al. (Qin et al. 2009) shown that the water cut increases when the oil become viscous as shown
in figure (5). Therefore, Qin et al. tried to control the water cut by decreasing the mobility ratio

to achieve effective displacement.

From the previous examples can be concluded that the Toth ef al. method is very accurate for

the viscosity ratio, even if the value of the viscosity ratio is not significantly high. However,
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there is a significant difference between the Toth et al. method and other methods saying that
there is no significant effect (JBN method 1959, Richardson, 1957) for the viscosity ratio on
relative permeability curves. Also, we can notice that varying slopes in the displacement
equation for Toth disappear when the viscosity ratio is close to one as shown in figure(3).

However, there is more than one slope when the viscosity ratio is greater or less than one.
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Effects of Heterogeneity on Relative Permeability Curves

Most reservoirs involve varying degrees of heterogeneity. However, all the methods for
estimating relative permeability assumed homogenous reservoirs. There are many studies about
the heterogeneity effect but the most important study is by Huppler in (John D. Huppler, 1970).
He used a numerical technique to investigate the effects of heterogeneity on core samples and
found that the heterogeneities have an insignificant effect on the relative permeability curves
and as the heterogeneities become channel their influence on relative permeability curves
becomes pronounced. Also, the Huppler study was for linear displacement. Therefore, this
study were interested in investigating the heterogeneity effect using the Toth et al. radial
method including channels by using a reservoir simulator with real reservoir size. This study
used the Toth et al. (Toth 2006) method because it is a unique direct method for radial flow.
The same previous example was used to study the heterogeneity. Concurrently, different
random values for the permeabilities were generated. This study started with mean permeability
equal to 100 md and standard deviation equal to 30 as shown in figure (6). Then, another
example was lested with the mean permeability equal to 500 md and standard deviation equal to
100. The formation permeability assumed has a normal distribution. Also, there is a short or a

long channel in the reservoir was assumed as shown in figures (7, 8).

After the production data was generated from the software, the relative permeability curves
were determined including the heterogeneity effect with or without channels as shown in
figures.(9,10). Also, that the heterogeneity reduced the relative permeability curves can be seen
because the permeabilities distributed randomly, which indicates non-uniform displacement. In
addition, there are increases in the relative permeabilities when there is a channel with the
heterogeneity because channel means high permeability and an increase the production data. At
the same time, there is an effect on the relative permeability curves by the dimension and
permeability of the channel as shown in figure (10). From this figure can be seen that the
dimension and permeability of the channel are directly proportional to the relative permeability

curves.

From this study can be observed that the heterogeneities have an insignificant effect on the

relative permeability curves. However, the effect becomes significant when there are channels.
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Fig. (6) The distribution for the permeability by Eclipse (Mean=100 md, S.D=30 md)

Fig. (7), 2 D. distribution for the permeability by
Eclipse
(Mean=100 md, S.D=30 md) with short channel

Fig. (8) The distribution for the permeability by
Eclipse
(Mean=500 md, S.D=100 md) with long channel

53



NO.11 Journal of Petroleum Research & Studies (JPR & S)

I I I
0.1 . = = = krw, k=100,homogenous
' \ == kro,K=100 homogenous
\\ = = = krw, mean k=100, St.D=30
0.08 \ kro, mean k=100, St.D.=30 [
0.06
&h
0.04
0.02
0 ¥
0.3 0.32 0.34 0.36

Fig. (9), Relative permeability curves for
homogenous (k=100 md) and heterogeneous
(mean=100,S.D.=30)

0.12

0.1 1

0.08 -

kr

0.06

0.04

0.02

54

- e - krW,M=500,S.D= 100

=== kro,M=500,S5.D=100

= & = krw,one cha.2000

=g r0,0ne cha. 2000

= = = krw,k=500,homagenous

=gr==kr0,k=500,homogenous

= = = krw,long cha.3000

empe | r0,l0Ng cha.3000

0.3 0.32 0.34 0.36 0.38 04
Sw, %

Fig. (10), Relative permeability curves for
homogenous (k=500 md), heterogeneous
(mean=500, S.D.=100) and heterogeneous with
short and long channel (k=2000 md and 3000
md)



NO.11 Journal of Petroleum Research & Studies (JPR & S)

Conclusions

The following conclusions are made based on the studies carried out in this work:

1. The Toth et al. method gives accurate results when the fluid viscosity varies.
2. Toth et al. method works satisfactorily even for heterogeneous reservoirs.
3. The heterogeneities have an insignificant effect on the relative permeability curves using

Toth method. However, the effect becomes significant when there are channels

55



NO.11 Journal of Petroleum Research & Studies (JPR & S)

References

10.

1.

12.

. Amyx J.W., M.B. Daniel, L.W. Robert;” Petroleum Reservoir Engineering”, McGraw-

Hill Book Company, (1960).

Mehdi H., Leonard k., Herbert H.; “Relative permeability of petroleum reservoir”, Boca
Raton, Florida,137 pages, (1988).

Dake L.P.;” Fundamental of reservoir engineering”, Elsevier, Amsterdam, The Hague,
The Netherlands, 437 pages, (1978).

Johnson E.F., Bossler D.P., Naumann V.O.; "Calculated of Relative Permeability from
Displacement Experiments”, Trans.AIME, 216, pages 370 (JBN method), (1959).

John D.Huppler; “Numerical investigation of the effects of core heterogeneities on
waterflood relative permeabilities”, SPE 2874, ESSO Production Reserach Co., Houston,
Texas, (1970).

Marle C.M.;”Multiphase Flow in Porous Media”, Gulf Publishing Co. Houston 257 pages,
(1981).

Richardson J.G; “calculation of waterflood recovery from steady-state relative
permeability date”, Trans, AIME, 201, 373, (1957).

Toth J., Bodi T., Szucs P., Civan F.; “Determination of relative permeability from
unsteady- state radial fluid displacements™, Paper SPE94994. SPE Annual Technical
conference and exhibition, Dallas 9-12 October, (2005).

Toth J., Bodi T., Szucs P., Civan F.; “Near-well bore water-oil relative permeability
inferred from production with increase water- cut.”, SPE 102312.SPE Annual Technical
conference and exhibition, San Antonio, 24-27 September, (2006).

T.M. Tao; " Accuracy of JBN Estimates of Relative Permeability: Part 1-Error Analysis"
A.T. Watson, SPE, Texas A & M U. April, (1984).

Qin and Wojtanowicz; “Water problems and control techniques in heavy oils with bottom
aquifers”, SPE 125414, Americas E&P Environmental and Safety Conference San
Antonio, Tx, USA, March, (2009).

Toth J., Bodi T., Szucs P., Civan, F.; “Determine effective fluid saturation, relative
permeability, heterogeneity and displacement efficiency in Drainage zones of oil wells

producing under waterdrive”, JCPT, (2010).

56



NO.11 Journal of Petroleum Research & Studies (JPR & S)

Appendix A:

Brief and important formulations that we use for applying Toth et al. method,
these formulations were introduced from Toth et al. (2005, 2006, and 2007).
a) To determine cumulative oil and water productions and cumulative volume

of water influx respectively

Np=J.qut ------------------------------------------------------- Al
o
t

Wp=Iqwdt ------------------------------------------------------- A2
o
t

L A3

Wi = +bVV" ———————————————————————————————————————————————— A.S
Np Vp

That will be a straight line with slope b >1 and intercept a <1, where the constant a is the oil

fraction at the breakthrough time. Thus, the pore volume for redial system can be estimated by:

¢) To determine the water and oil fraction at the wellbore by:
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d) In the cases that the reservoir produces under constant pressure, the total mobility can be
determined by:

2.(h-1)
Y(S,,) = T U A8

My Mo  AmhkAp(h —1)

Where a; and b; are some empirical constant that can be determined from empirical power-low

function as:

Note: The value of b; must be greater than on ( ,>1).

e) In the case of the reservoir producing under a constant rate. The total mobility can be

determined by new expression instead of Eq.(A.8):

q .
YS,,)=——3dwi
" Anhkaybyt™

Where a; and b, are some empirical constants that can be determined from empirical power low

function as:

b
Ap = pe = pyy = ayt?
Note: The value of b, must be negative (b, < 0).

f) To determine the relative permeability ratio by:

kf'W — leLlW __________________________________________ A.log)
Kro (1— ik,

To determine individual relative permeability by:
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Ko = frottypX(Syp) === mmmmmm e e e e e e e A1l
h)
kro =(1_fw)/qu(Sw) ____________________________________ A.12
To determine water saturation by:
LA
S,, =S,.;+b VPW ---------------------------------- A.13
a+b—*
VP
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