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h i g h l i g h t s

� Relative permeability to water and heavy oil is systematically examined.
� Effects of flow rate, pressure, temperature, and oil viscosity is introduced.
� Relative permeability values are greatly reliant on temperature and oil viscosity.
� Corey’s correlations are adjusted to consider the oil viscosity.
� New correlations are in better agreement with literature data.
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a b s t r a c t

In this study, the effect of various parameters such as operating temperature, crude oil viscosity, injection
flow rate, and operating pressure on heavy oil/water relative permeability were investigated followed by
proposing new correlations for calculating heavy oil/water relative permeability. The experimental
results obtained in this study showed that both water and oil relative permeabilities are significantly
temperature dependent and they increase when temperature increases. It was also found that relative
permeability to oil and water increase with decrease in oil viscosity. Additionally, tests results indicated
that increase in injection flow rate results in higher oil relative permeability and lower water relative
permeability. Unsteady state core flooding experiments carried out at various operating pressures
showed that the relative permeability to oil in heavy oil/water system is independent of operating
pressure. The heavy oil/water relative permeability data obtained in this study was used to develop
new heavy oil/water relative permeability correlations by modifying the original Corey’s correlations.
The comparative evaluation of the new correlations with the original Corey’s correlations indicated
significant improvement in both heavy oil and water relative permeability estimation. Statistical analysis
of the results showed that the new correlations facilitate reliable calculation of heavy oil/water relative
permeability values by decreasing the root mean square magnitude from 0.167 and 0.178 to 0.004 and
0.061 for water and oil relative permeability, respectively. In addition, the accuracy of newly developed
correlations was tested against five sets of experimental data obtained from literature. Results of this
comparison also showed that heavy oil/water relative permeability predicted by new correlations is in
better agreement with experimental data compared to those predicted by Corey’s model.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Oil/water relative permeability data plays an important role in
characterizing the simultaneous flow of fluids in porous media

and predicting the performance of waterflooding as a means of
an immiscible displacement processes in oil reservoirs. Previous
studies showed that oil/water relative permeability can be affected
by many parameters including saturation states, saturation history,
interfacial tension, fluids viscosity, overburden pressure, tempera-
ture, flow rate, wettability, and capillary end effect [1].

Leverett presented an investigation of the effect of viscosity
variation of an oil–water mixture on relative permeability [2]. He
found no systematic variation in relative permeability when the
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oil viscosity was varied from 0.31 cP to 76.5 cP. Richardson also
showed that the water–oil relative permeability ratio is indepen-
dent of fluid viscosity where the oil viscosity range is from 1.8 to
151 cP [3]. Based on some experimental studies conducted by Yus-
ter, it was shown that relative permeability depends on variation of

viscosity ratio and increases when viscosity ratio lnw
lw

� �
increases

[4]. The results obtained by Odeh showed that nonwetting phase
relative permeability increases when viscosity ratio is increased,
while the wetting-phase relative permeability is not affected by
variations in viscosity ratio [5]. Considering different experimental
studies conducted to investigate the influence of fluids’ viscosity
on relative permeability, it is recommended that experimental rel-
ative permeability measurements to be conducted with fluids
which do not differ greatly in viscosity from the reservoir fluids [6].

For the past two decades, thermal methods such as cyclic steam
injection, Steam Assisted Gravity Drainage (SAGD), and steam
flooding are among major production techniques applied to heavy
oil fields. Thermal energy delivered to the reservoir during these
processes reduces oil viscosity and as a result, affect relative per-
meabilities in two- and three-phase flow regions. Although several
studies have been conducted to determine the effect of tempera-
ture on relative permeability, there are still discrepancies exist in
the literature on the effect of temperature on relative permeability
and end point saturations. Some studies indicated that irreducible
water saturation increases with increasing temperature while
residual oil saturation decreases with increasing temperature,
which affects relative permeability [7–9]. However, laboratory
tests conducted by Miller and Ramey and Akin et al. showed that
the relative permeability is independent of temperature [10–12].
Aforementioned studies also showed some increase in oil relative
permeability at irreducible water saturation when temperature
increased.

One of the major problems during measurement of relative per-
meability is the capillary end effect. This phenomenon is caused by
the saturation discontinuity existing at the outlet face of the porous
medium (core sample)whenmounted for a flow test. Themost con-
venient way to minimize this effect is to adjust the capillary forces
by increasing the displacement flow rate. However, higher flow
rates increase fluid dispersion. It is believed that suchmixingmight
affect relative permeability. Many studies have examined the effect
of flow rate, however contradictory results were observed. Hender-
son and Yuster found that relative permeability is rate dependent in
all gas–liquid systems [13]. Wyckoff and Boste also reported that
the gas–liquid relative permeabilities were rate-dependent [14].
Based on a study in water-wet sandstone and oil-wet carbonate
cores, Labastie et al. concluded that relative permeabilities were
independent of flow rate except near residual oil saturation [15].

Since obtaining relative permeability data from laboratory
experiments is rather delicate, time consuming, and costly, a series

of empiricalmodels has beendevelopedbyother researchers to esti-
mate relative permeability in the absence of experimental data from
core samples. The empirical correlations are also employed to repro-
duce experimentally determined relative permeability curves as a
means of verification. These methods were based on experimental
data and mathematical derivations or heuristic concepts to predict
relative permeability values. The most common and well-known
correlations used for prediction of two-phase oil/water relative
permeability are summarized in the study published by Siddiqui
et al. [16]. An often used approximation of relative permeability is
the correlations developed by Corey which are power-law function
of water saturation [17]. Corey proposed a set of correlations for rel-
ative permeability in oil–water system. Corey’s model assumes the
water and oil phase relative permeabilities to be independent of
the saturation of the other phase and relative permeability equa-
tions for water and oil phases. Corey’s correlations are given as:

krw ¼ S�w
� �4 ð1Þ

kro ¼ 1� S�2w
� �

1� S�w
� �2 ð2Þ

where

S�w ¼ Sw � Swi

1� Swi

� �
ð3Þ

where Sw and Swi are water and irreducible water saturations,
respectively.

Review of literature indicated extensive experimental studies on
two-phase oil/water relative permeability for light oil systems.
However, such studies on the effect of various crude oil character-
istics and operational factors on oil/water relative permeability in
heavy oil systems are limited. Hence, previously developed correla-
tions, such as Corey’s equations which are developed based on
experimental data obtained in light oil systems, provide unsatisfac-
tory results when applied to heavy oil systems. The purpose of this
study is to determine the effect of various parameters including vis-
cosity, pressure, temperature, and flow rate on relative permeabil-
ity values in heavy oil/water systems. In addition, new empirical
equations are developed to predict imbibition heavy oil/water rela-
tive permeability characteristics using experimentally obtained
data from sandstone Berea core samples. Least-square regression
techniques were applied on the newly proposed models utilizing
the characteristics of porous media, fluid saturation, and opera-
tional condition. The new empirical equations are evaluated against
Corey empirical equations using the data utilized in the develop-
ment and validated using published relative permeability data.

Nomenclature

krw relative permeability to water
kro relative permeability to oil
S�w normalized water saturation
Sw water saturation
Swi irreducible water saturation
Pexp experiment pressure (Psia)
loil crude oil viscosity (cP)
qexp experiment flow rate (ml/min)
Pstd standard atmospheric pressure (14.7 Psia)
lstd standard brine viscosity (1 cP)

qstd standard fluid flow rate (0.1 ml/min)
PD dimensionless pressure
lD dimensionless viscosity
qD dimensionless flow rate

Unit conversion
⁄1D 9.868 � 10�13 m2 = 0.987 � 10�12 m2
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