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Using Corey model for determining relative permeability in a two-phase 
flow in porous media has been a remarkable achievement; however, 
determining the correct exponents for relative permeability to oil and 
water still remains a challenge. In addition, laboratory obtained relative 
permeability data is very essential because it is more reliable despite being 
tedious and expensive. In this work, laboratory relative permeability 
values were obtained with exponents of 3.39 and 3.22 for Kro and Krw 
respectively as against the closest Corey exponents of 3.3 and 3.2 for Kro 
and Krw respectively. These results and the assumed Corey exponents of 
3.5 and 3.1 for Kro and Krw respectively selected in error were used to show 
how seemingly insignificant errors in Corey exponents can be magnified 
when used for calculations in reservoir studies. Therefore, in this study 
obtaining laboratory relative permeability data is emphasized since it 
captures most rock properties that affect relative permeability which 
Corey models do not consider.

1. INTRODUCTION
The relative permeability of a fluid is the 

ratio of its effective permeability to the absolute 
permeability in the presence of another fluid. 
When two or more fluids flow at the same time, 
the relative permeability of each phase at a specific 
saturation is the ratio of the effective permeability 
of the phase to the absolute permeability. Relative 

permeability is an important dimensionless 
parameter when analyzing fluid flow in porous 
media and in reservoir studies. The data and curves 
are used in history matching, assessing reservoir 
performance, predictions and for determining 
fluid mobility ratios, relative permeability 
ratios and for oil and gas field planning and 
development. Relative permeability is considered 
in many fluid flow equations in porous media and 
in secondary and tertiary oil recovery calculations 

http://creativecommons.org/licenses/by/4.0/.
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[1]. It is therefore imperative that accurate relative 
permeability values be determined because 
wrong values can make a huge impact even when 
the errors in value are small. 

Relative permeability values can be obtained 
through experiments or by using existing models. 
Obtaining laboratory relative permeability data 
using reservoir core samples is commendable 
because factors that affect relative permeability 
such as wettability, pore geometry, fluid saturation 
and reservoir history are all captured [2, 3]. 
However, experimental relative permeability is 
tedious, expensive and time-consuming; hence, 
predictions using mathematical models have been 
heavily relied upon. Although using models to 
obtain relative permeability results is easier, it has 
faced challenges, especially for heterogeneous and 
carbonate formations.

There are several mathematical correlations for 
relative permeability but Corey Correlations and 
Stone’s correlations have been widely accepted 
for two- and three-phase relative permeability 
respectively. Nevertheless, this work is limited to 
two-phase flow of water and oil, and only Corey 
model is considered. The Corey model for obtaining 
two-phase relative permeability is very good and 
simple; however, the model only considers connate 
water saturation and other water saturation levels. 
The model does not consider the effect of other 
factors such as pore geometry, wettability and 
rock heterogeneity in samples [4]. The variations 
in these factors can considerably affect relative 
permeability data and curves and invariably affect 
the outcome of other parameters and outputs 
that are partly dependent on relative permeability 
values. In spite of these short comings, it must 
be admitted that Corey correlations for relative 
permeability is a great achievement. Nevertheless, 
laboratory results using core samples are better 
representatives of the formation than correlations.

The shortcomings of the obtained relative 
permeability data using Corey correlation have 
been mentioned in the literature. It has been 
pointed out that Corey model cannot correctly 
predict the behavior of capillary pressure and 
relative permeability of transition zones in 
carbonate reservoirs [5]. It has also been shown that 
Corey model cannot represent capillary pressure 
curves of Geysers rock samples, necessitating the 
development of other models [6]. Errors have 
been reported with the use of Corey model to 
predict relative permeability at low saturations. 

When predicted relative permeability values 
from this model was used to calculate reservoir 
performances, the seemingly small error had a 
significant impact on results, emphasizing the 
need for accurate relative permeability results in 
reservoir studies [7].

In a particular study, the Corey model of 
estimating relative permeability was compared 
with Purcell’s model. It was observed that Purcell’s 
model gives a better fit to experimental data of the 
wetting phase relative permeability as long as the 
measured capillary pressure curve has the same 
residual saturation as the relative permeability 
curve. However, Purcell’s model did not give good 
match for imbibition [8]. Other studies have also 
come up with models that can be used to predict 
relative permeability under different scenarios [9, 
10]. The method of predicting relative permeability 
for oil-water systems using in-situ downhole 
wireline logging data has been proposed [11].

Sometimes steady state relative permeability 
experiments cannot be predicted using Corey 
model and efforts have been made to develop 
other analytical correlations [12]. Unsteady state 
method is easier than the steady state method; 
however, the method of calculation is complex. 
Simplifying the method of calculation by comparing 
the experimental average water saturation at the 
moment of breakthrough with the modeling derived 
from fractional flow curve has been proposed [13].

One major problem with Corey model is 
selecting the most correct exponent which 
depends on the level of rock consolidation. 
Hence, a primary objective in this work is to 
compare relative permeability results obtained 
experimentally with results obtained using Corey 
model for exponents 3 to 4. Corey exponents 
that are closest to the experimentally obtained 
exponents are also determined. These results and 
an assumed set of relative permeability results 
close to the obtained Corey exponents are used to 
demonstrate the importance of acquiring accurate 
relative permeability data from the laboratory for 
reservoir studies.

2. Research Method
There are two experimental methods for 

obtaining relative permeability values: the steady 
and unsteady state methods. The steady state 
method involves flowing two fluids at the same 
time with specified saturations for each fluid while 
the unsteady state entails displacing one fluid with 
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another. The steady state method is more reliable 
but tedious compared to the unsteady state 
method. The process for the steady state method 
has been discussed in several studies [14 – 19]. In 
this work, the steady state method was deployed 
to determine the relative permeability of a gas 
condensate oil and water. The gas condensate 
was obtained from the Niger Delta and its fluid 
properties are presented in Table 1. The rock 
sample is unconsolidated with a porosity of 28% 
and absolute permeability of 0.8002 Darcy. The 
experiment was conducted with an overburden 
pressure of 2000 psi (136.09 Atm), a pore 
pressure of 450 psi (30.62 Atm) and at an ambient 
temperature of 25 oC.  

Table 1. The Crude Oil Properties

The equipment used to conduct the 
experiments was a standard core flooding 
equipment (AFS-300) manufactured by Core 
Laboratories in USA. It can be used to conduct 
experiments under reservoir temperatures and 
pressures. A schematic of the flow paths from the 
core holder is shown in Figure 1. 

 Parameter Value 
Density 0.82 g/cm3 

Dynamic Viscosity(µo) 2.45 cp 
API Gravity 40.23  ͦ API 

Specific Gravity 0.82 

 
Figure 1. A schematic of the Flow Setup and Flow Paths

Darcy Equations were deployed in determining 
the relative permeability values from data 
obtained from the core flooding equipment, of 
which change in pressure (dp) is important. 

The Darcy Equations used in determining 
permeability (K), relative permeability to water 
(Krw) and relative permeability to oil (Kro) are given 
as follows:

K = QµwL/AdP                                                                       (1)   
Krw   = QwµwL/KAdP                                                           (2)   
Kro   = QoµoL/KAdP                                                              (3)

The equation for obtaining relative permeability 
in “phase i” can also be expressed as:

Kri = Ki / K                                                                     (4)

Where 
Kri = Relative permeability of fluid “i” (which could 
be water, oil or gas)
Ki = Effective permeability of fluid “i”
K = Absolute permeability

The relative permeability data were also 
generated using Corey correlations for two-phase 
flow of water and oil. The Corey correlations [19] 
used for water and oil relative permeability values 
are given as follows:

                                                                                      (5)                     

                                                                                     (6)
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Since it is difficult to determine the most 
correct Corey exponent to use, values of Corey 
exponents ranging from 3.0, 3.1 – 4.0 were used 
to generate the relative permeability values. The 
obtained sets of values were compared against the 
experimental results to determine exponents that 
give the closest results to experimental values. 
The statistical method used to carry out this task 
was the sum of the squares of residuals (SSR) and 
is given as:

                                                                                     (7)

Where y is the experimental value and yi is the 
calculated (Corey) value. 

Effort was made to determine the equivalent 
Corey exponents for oil and water relative 
permeability values. The experimental relative 
permeability values were used on the left-hand 
sides of Corey models in Equations 5 and 6, and 
made equal to the right-hand side of Corey models 
with exponents “n” and “m” for oil and water 
respectively. The values of exponents “n” and “m” 
were obtained by taking the log on both sides of 
the equations as shown in Equations 8 and 9.

                                                         
                                                                                     (8)
    

                                                    
                                                                                         (9)

In hydrocarbon reservoirs, permeability variation 
can occur vertically according to layers, laterally or it 
can be heterogeneous. In the case of layered vertical 
variation of permeability, arithmetic mean is applied, 
harmonic mean is applied to lateral variation while 
geometric mean is used for heterogeneous cases 
[19]. In this work, lateral permeability variation 
was assumed, necessitating that harmonic mean 
be applied to permeability values. Harmonic mean 
generates straighter curves, incorporates all entries 
in the series and allows a significant weighting to be 
given to smaller values in the series.

The harmonic averages of each set of values 
were determined as the experimental Corey 
exponents. The harmonic average was used 
because it mitigates the effect of large numbers and 
enhances the impact of small numbers. Harmonic 
average is the reciprocal of the arithmetic mean of 
the reciprocals of a given set of observations and 
it is usually less than the arithmetic and geometric 
averages. The harmonic mean is expressed in Eq. 10, 
where H is the harmonic mean, n is the number of 
observations and x1 ---- xn are the observed figures.
   

                                                                                     (10)

3. Results and Discussion

Figure 2 shows the experimental relative 
permeability curves obtained from the use of AFS-
300 core flooding equipment. 

𝑆𝑆𝑆𝑆𝑆𝑆 =∑(𝑦𝑦 − 𝑦𝑦𝑖𝑖)2
𝑛𝑛

𝑖𝑖
 

 

 

 

 

Figure 2. Relative Permeability Curves for Sample A obtained from the Core Flooding Equipment
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The Swc and Sor are 15% and 34% respectively. 
 The different relative permeability plot points 

for Corey models are presented in Figure 3 and 
Figure 4 for oil and water respectively. This 
demonstrates the challenge of determining the 
most correct Corey exponent. Usually in reservoir 
studies using simulation, the most correct 

exponent is determined by history matching which 
is not ideal because it does not consider a number 
of other factors such as pore geometry and rock 
heterogeneity. Experimental relative permeability 
is basically preferred because it is representative 
of the rock under study despite its limitations. 

 
Figure 3. Comparison of the Experimental Kro Curves with Corey Model for Different Exponents

 
Figure 4. Comparison of the Experimental Krw Curves with Corey Model for Different Exponents

The statistical approach SSR was used to 
determine the least deviated Corey exponents to 
experimental results. The deviations for oil and 
water relative permeability (Kro and Krw) values are 
displayed in Tables A and B respectively (Appendix). 
For Kro, the closest Corey exponent is 3.3 while 
for Krw it is 3.2. The comparison of the relative 
permeability data for the experimental results and 
Corey exponents of 3.3 and 3.2 for Kro and Krw are 
presented in Figure 5 and Figure 6 respectively.

The determined experimental Corey 
exponents were 3.39 and 3.22 for Kro and Krw 
respectively using harmonic averaging and 
knocking off outrageous points. It would not 
have been easy to determine these values 
(3.39 and 3.22) without experimental results, 
emphasizing the need to conduct laboratory 
relative permeability experiments which help 
to obtain more reliable relative permeability 
values for reservoir studies. A comparison of how
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                 Figure 5. Comparison of Experimental Kro with Corey Exponent of 3.3

 
                  Figure 6. Comparison of Experimental Krw with Corey Exponent of 3.2

 
Figure 7. Comparison of the Experimental Kro and Krw Results with the Closest Corey Exponents

the experimental values for Kro and Krw match the 
closest Corey exponents of 3.3 and 3.2 is shown 

in Figure 7.
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Importance of using Correct Corey Exponents  
It is very important that the correct Corey 

exponents be determined because using incorrect 
exponents can negatively impact the reservoir 
studies. To illustrate, assumming that incorrect 
Corey exponents of 3.5 for oil and 3.1 for water 
were selected for this work (instead of the closest 

values of 3.3 and 3.2 respectively) and these were 
used to calculate mobility ratio (M), water cut (fw) 
and areal sweep efficiency at water breakthrough 
(EABT) for Kro@0.15 and Krw@0.6. The values of 
these parameters for two sets of Corey exponents 
are presented in Table 2. The Equation used to 
determine EABT [6] is given as:

 

                                                                                                                                                                    (11)

Table 2. Mobility Ratio, Water Cut and Areal Sweep Efficiency for Different Corey’s Exponents

 Parameters Experimental 
Results 

Corey’s Exponents of Kro 
– 3.3 and Krw – 3.2 

Corey’s Exponents of Kro 
– 3.5 and Krw – 3.1 

Mobility Ratio (M) 0.319 0.361 0.383 
Water Cut (fw) 0.242 0.265 0.277 

Areal Sweep Efficiency at 
water breakthrough (EABT) 

0.86 0.84 0.83 

The errors introduced in calculations when 
using Corey exponents get larger as the exponents 
shift away from the correct values. For example, 
the errors in mobility ratio, water cut and areal 
sweep efficiency at water breakthrough in this 
work for Corey exponents of Kro – 3.3 and Krw – 
3.2 (which are the closest to experimental values) 
are 13.17%, 9.5% and -2.33% respectively while 
the errors for Kro – 3.5 and Krw – 3.1 are 20.06%, 

14.46% and -3.49% respectively as presented in 
Figure 8. In fact, the errors of -2.33% and -3.49% 
for EABT might seem small but these errors are quite 
significant when the figures are multiplied by the 
reservoir swept area, and the same applies for 
water cut. All these emphasize the importance 
of conducting laboratory relative permeability 
experiments and determining the correct Corey 
exponents in reservoir studies to minimize errors.

 
                       Figure 8. Introduced Errors in Using Incorrect Corey’s Exponents

mailto:Kro@0.15
mailto:Krw@0.6
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4. Conclusion
Relative permeability is a very important 

parameter in reservoir studies that describes 
fluid flow in porous media. Relative permeability 
data can be obtained directly through laboratory 
analysis or indirectly through correlations of 
which Corey model has been widely accepted. 
In this study, experimental relative permeability 
values for a gas condensate oil and water were 
obtained from the laboratory and the results 
were compared with Corey model for exponents 
between 3 and 4. The determined Corey exponents 
of 3.3 and 3.2 for Kro and Krw respectively were the 
closest to experimental result exponents of 3.39 
and 3.22 for Kro and Krw respectively. Although the 
errors seemed insignificant but when they were 
used in calculating mobility ratio, water cut and 
areal sweep efficiency of a certain reservoir, the 
errors were magnified. This study showed that 
selecting incorrect Corey exponents can introduce 
serious errors in reservoir studies, emphasizing 
the importance of conducting laboratory relative 
permeability studies with reservoir core samples.
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Nomenclature
K = Absolute permeability (Darcy)
Krw = Relative permeability to water [-]
Kro = Relative permeability to oil [-]
Q = Flow rate (cm3/s)
Qw = Flow rate of water (cm3/s)
Qo = Flow rate of oil (cm3/s)
A = Cross sectional area of the plug sample (cm2)
µw = Water viscosity (cp)
µo = Oil viscosity (cp)
dp = Differential pressure
Sw = Water saturation (%)
Swc = Connate water saturation (%)    
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Appendix. Comparison of the Experimental Results with the Corey Correlation for Exponents 3.0 to 4.0

Table A. Experimental Krw SSR Comparisons with Corey Exponents to find the least Deviated
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Table B. Experimental Kro SSR Comparisons with Corey Exponents to find the least Deviated
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