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ABSTRACT : Issues on sampling, scarcity, scale, wettability concerning relative permeability data necessitate methods on
evaluation, improvement and even generation of relative permeability data in reservoir studies. Even people with long years of
experience maybe lost on the applicability of laboratory and/or correlation data. How to manipulate relative permeability data

continues to be a major challenge in oil industry. This has been one of the major challenges in reservoir engineering for the past
years and will be so in the foreseeable future. Reliable relative permeability data may lead to successful development. Based on
our long years’ experience and research work, this paper first introduces the issue by giving a clearer definition of relative
permeability, trying to clarify the prevalent confusion; and then reviews and compares methods (Both correlations or/and lab
experiments) on relative permeability data. It covers almost all current methods. Finally, the cutting edge of 3-, 4- or n-phase
relative permeability needed in CO

2
 flooding, NGL, EOR process is explored. This paper will provide a good reference for those

who are interested in the investigation/usage of the relative permeability data.

INTRODUCTION

Two and three-phase relative permeability are the
most important properties of porous media. In order to
perform reservoir forecasting in a multi-phase situation, these
functions have to be specified as accurately as possible. Due
to economic considerations, rock conditions, sufficient field
data are seldom available, which necessitates the estimation
of relative permeability data.

Relative Permeability is the ratio of the effective
permeability for a particular fluid to a reference or base
permeability of the rock such as the absolute permeability to
water, effective permeability to oil at irreducible water
saturation (S

wi
) or air permeability:
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Distinguishing the shade between the definition of
relative permeability and making sure which reference
permeability is used in your data set can help you using the
data correctly. In many cases, the relative permeability applied
are those obtained by normalizing the effective permeability
curves with the absolute permeability, and in this paper this
definition is adopted.

Characteristic of relative permeability curve

(1). Shape. General speaking, in 2-phase relative
permeability curves, the non-wetting phase is usually
an S-shaped curve and the wetting phase is concave
upward throughout curve.

 (2). Value. In a water-wet system, the water relative permeability
curve begins at 0.0 at irreducible water saturation (S

wir
)

and increases to some value at a water saturation (1.0-
residual oil saturation S

or
), and then increases to 1.0 at

S
w
=1.0. The oil relative permeability is usually less than

1.0 at S
wir

 and declines to 0.0 at S
or
.

If the fluids are immiscible and the interfacial tension
exists between the phases, the presence of one fluid in the
same pore as another causes additional resistance to flow for
both fluids. This causes the sum of effective permeability of
all fluids in the rock at any time is always less than the absolute
permeability (Shown by Eq.(2) and Eq.(3)).
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(3). Effects factors. According to Daniel21 and J.X. Wang29,
the parameters, which influence relative permeability,
are, wettability, capillary-viscous force balance, Room
vs. Reservoir conditions and so on.

(4). Others. Catherine20 et al. have developed an asymptotic
method to infer the relative permeability exponent of
the displaced phase near its residual saturation using
laboratory core-flooding data. By plotting a log~log plot
of flow rates ratio of the two fluids at the effluent for

(3)
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some time after breakthrough, In this time interval, the
plot is a straight line whose  slope is equal to the exponent
in the relative permeability power law.

Applications of relative permeability data

(1). Determine roughly the wettability of the rock. In general,
preferential wettability of the rock can be shown by the
crossover of the two relative permeability curves, if the
curves cross at a water saturation greater than 50%,

which indicates that the system is probably water wet. If
the curves had crossed at an S

w
 less than 50%, the system

would probably be preferentially oil wet. If crossed at
very close to 50% water saturation and the shape of both
curves to be similarly concave up, this would indicate
intermediate wettability. Note should be taken that this
is only a rough method. In order to do it with confidence
other data should be incorporated.

(2). Other applications.  The relative permeability can be
used to model a particular process, for example,
fractional flow, fluid distributions, recovery and
predictions; determination of the free water surface, i.e.,
the level of zero capillary pressure or the level below
which production is 100% water; and determination of
residual fluid saturations.

There are lots of benefits from 3-phase relative
permeability study too. Studies are strongly dependent on
the relative permeability for the various phases, Such as local
and deep production below the bubble point; late-life
depressurisation; gas injection for EOR; temporary gas
storage; gas condensate depletion with aquifer influx.
injectivity, productivity, effective gas mobility, effective
residual oil saturation, and gas trapping within the reservoir.

Cares to be taken when applying

(1). Care should be taken to distinguishing the shade
between the definition of relative permeability and
making sure which reference permeability is used in
your data set.

(2).  Care also must be taken to ensure that lab measurement
is conducted appropriately, in other words,
determination should be made whether use the
imbibition relative permeability curves or use the other
one. Because of the hysteresis phenomena between
imbibition versus drainage, difference exists between the

characteristic of drainage and that of imbibition relative
permeability curves.

(3). Studies11,24,30 indicate that irreducible water saturation
increases (while the residual oil saturation decreased)
with increasing temperature. Thus, temperature effect
should be considered when measuring relative
permeabilities.

(4). Furthermore, relative permeability are conventionally
determined from measurements performed at constant
pressure, where saturations are produced by fluid
injection rather than by depressurization, and may not
be applicable to conditions where gas evolves within the
reservoir.

METHODS FOR 2-PHASE RELATIVE
PERMEABILITY DATA

Method 1— Laboratory Measurements

The best way to obtain 2-phase relative permeability
data is from laboratory measurements of the 2-phase flow.
Three wide-applied techniques are Steady State, Unsteady
State and Centrifuge Method. Although many modifications
have been made on these methods13,16,25,31, no modification is
enough to be classified as a new category. J.A. Kokkedee18

appreciated these methods very well. Their comments are
further summarized as following:

Unsteady State Method:
          Widely used;
           Fast and cheap;
           Relative permeability down to 10-3;
           Representative for reservoir situation;
           Mid saturation range easily accessible.
Steady State Method:
          “Free Choice” for saturation range;
           Relative permeability down to 10-3;
           Low accuracy near end-point saturations.
Centrifuge Method:
          Relative permeability only of displaced phase;
          Relative permeability down to 10-6;
          Good saturations in end-point region.

No single laboratory method is sufficient, and
combination of centrifuge method with unsteady state method
or steady state method is often used to get better results.
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In some cases, core analysis is not practical or
possible to accomplish from the reservoir rock of interest. To
meet the needs for engineering calculations, Analogy or
Correlation methods are often adopted.

Method 2—Analogy Method

When data are limited and only rough estimation of
the relative permeability is expected, Analogy method is
usually a good and easy way. In other words, relative
permeability data may be obtained from nearby reservoir in
the same formation by using relative permeability database.

Method 3— Correlation Method

There are three main series in this method. One is
using the saturation data to calculate 2-phase relative
permeability data of the same rock. Knopp17 published a set
of gas and oil relative-permeability curves that are more
generally applicable than Arps and Roberts’ curves. Corey7

also presented a set of equations for calculating gas and oil
relative permeability. This approach is very popular in the
absence of measured data. The equations are:

 (4-1)

                (4-2)

Although many attempts have been made to develop
correlations to estimate oil and water relative permeability
in the absence of measured values none of the published
techniques have been proved to be reliable enough to be used
other than theoretical technique.

Another series of correlation methods is calculating
relative permeability from capillary pressure5,8,13. Corey-
Burdine’s equations provide linkages between the capillary
pressure and relative permeability for both water and oil
phases. The Equation is:

According to this study, the capillary pressures can
be represented as functions of water saturation in a water-oil

system. By being divided into five segments—Primary water
drainage; Spontaneous water imbibition; Forced water
imbibition (also called Water drive); spontaneous water
drainage and forced water drainage (also called oil drive) and
defining a complex equation for calculating S

w
* for each

segment, this method is too mathematical and too difficult to
use for engineering design.

The third series is from production data. Relative-
permeability can be estimated by long time producing
characteristics of a reservoir. For example, the producing gas/
oil ratio (GOR) of a reservoir is related to relative permeability
as follows:

     (6)

Thus if fluid properties are known during a
reservoir’s producing life, the K

rg
/K

ro
 can be estimated.

Similarly, the K
rw

/K
ro
 ratio can be calculated by water and oil

production data. This method always resorts to reservoir
simulation and history matching technique.

METHOD FOR 3-PHASE RELATIVE
PERMEABILITY DATA

The first reported results of research on the
characteristics of 3-phase relative permeability were presented
by Leverett and Lewis (1941). They used only unconsolidated
sand and did not account for hysteresis and other effects that
are now known to require special treatment. Although their
results were not accurate enough for use in engineering design
for specific reservoirs, they were the first to show the behavior
of 3-phase relative permeability. They demonstrated that
significant 3-phase flow should occur only in a rather small
saturation interval; and because one phase would most likely
be increasing in saturation at the expense of one or both of the
others, the difficulties of understanding and describing 3-phase
flow should be short lived.

Lab experiment to obtain 3-phase relative
permeability is time-consuming and cost-inefficient. One of
the common ways of performing experiments leading to 3-
phase relative permeability estimation is injecting one, two,
or 3-phase simultaneously into a core sample, or conducting
some constant pressure drop experiments. Obviously, it is
desirable to keep the number of experiments needed for 3-
phase relative permeability determination as low as possible,
yet the accuracy with which these functions are determined as
high as possible. The measurement of 3-phase relative
permeability poses a particular challenge. Because any 3-phase
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displacement involves the variation of two independent
saturations, when measuring the 3-phase relative permeability,
in addition to the measurement of the saturations, pressure
drops and fluxes in three flowing phases. There are infinite
numbers of different displacement paths. It becomes
impossible to measure relative permeability for all possible
3-phase displacement that may occur in a reservoir. Although
H.Urkedal et al. 18 found a systematic approach that decreases
the combinations of the experiments significantly, the 3-phase
relative permeability experiments by this way is still time-
consuming and cost ineffective for many reservoirs. E.Ebeltoft
et al. (1996) 10 designed, constructed and tested a 3-phase flow
apparatus, it allows simultaneous injection of one, two, or three
phases into a porous medium. Both steady-state type and
unsteady-state type experiments can be conducted. But it used
a 3-phase acoustic separator to monitor fluid production and
an X-ray transparent core holder and an X-ray scanner system
for in-situ saturation measurements, this dramatically increased
experiment cost.

Due to above reasons, in field practice, 3-phase
relative permeability is usually calculated from models using
2-phase relative permeability data. The most common used
methods are:

STONE’S MODEL

Published in 1970, Stone’s model26 uses two sets of
2-phase relative permeability data to estimate 3-phase
behavior. The 2-phase data are water displacing oil and gas
displacing oil. Along with estimating 3-phase relative
permeability behavior, this model also estimates residual  oil
saturation as a function of trapped gas saturation.

The steps for using Stone’s method are as follows.
First use S

w
 to obtain K

rw
 and K

row
 from 2-phase water-oil

relative permeability curves. Then use S
g
 to obtain K

rg
 and

K
rog

 from the 2-phase gas oil curves. At last 3-phase relative
permeability are obtained as K

rw
 is used directly from step 1,

K
rg

 is used directly from step 2 and the 3-phase K
ro

 is
calculated from:

K
ro
=(K

row
+K

rw
)(K

rog
+k

rg
)-(K

rw
+k

rg
)                (7)

If the calculated K
ro
 is less than zero, it should be

set to 0.0.

One basic assumption in Stone’s model is that relative
permeability of water and gas (K

rw
 and K

rg
) are the same

functions in the 3-phase system as they are in 2-phase systems,

only K
ro

 is a function of both water and gas saturations.
Another assumption is that the porous medium is water wet.

In 1979, this Stone I model was normalized by Aziz
and Settari (Stone II model, 1979) 2. They found that the
nominal 2-phase gas-oil measurements are made in the
presence of connate water.  Estimate residual oil saturation
during 3-phase flow by Fayer’s approximation.

                               (8)

where 

The model is then   ( )( )gSwSowk

ogckowkoS
ok

−−
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 (10)

(11)

 (12)

This Stone II27 model is based on an assumption of
segregated flow and doesn’t require a residual oil saturation
to be defined:
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When the predicted K
ro
<0, K

ro
 is set to zero.

Corey’s Model

 (14-1)

Here the nominal 2-phase gas-oil measurements are
made in the presence of connate water.  The exponent oξ is
defined in terms of the corresponding exponents for the 2-
phase systems.  These exponents are determined by fitting
the following two 2-phase oil relative permeability.

(14-2)

(14-3)
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Here,

gSaorwSorS 1+=      (15)

gSaowkok 2
00 +=                                              (16)

gSaowo 3+=ξξ (17)

( ) ( )orgcSwrSorwSorgcSa −−−= 11 (18)
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 −= 100

2 (19)

( ) ( )orgcSwrSowoga −−−= 13 ξξ (20)

Wheeler’s Model I

This model utilizes gas-oil data taken in the absence
of connate water.  Oil relative permeability in the 3-phase
system is given by
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  (21)

Where A and B are used to fit 3-phase data if
available.  In the absence of 3-phase data, set A and B equal
to either .9 or .95 which produces iso-permeability curves
slightly concave toward the oil vertex.

Wheeler’s Model II

This model utilizes gas-oil data taken in the presence
of connate water.  Oil relative permeability in the 3-phase
system is given by

( ) )()()( gSwrSwSbrogck
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+−

++
+−

−
=  (22)

where A and B are the same as Wheeler’s Model I.

The above empirical models (Stone’s model, Corey’s
model and Wheeler’s model) suffer from three major
limitations. First, they were developed for water wet media.
Second, the models fail to account for the trapping of oil and
gas for any displacement sequence. Third, the functional form
of the relative permeability at low oil saturation (the regime
of greatest interest for enhanced oil recovery projects and
contaminant clean-up), disagrees with recent experimental
results.

Baker’s Model (Saturation-Weighted interpolation
Model)

Baker3,4 used saturation-weighted interpolation

between the 2-phase values to find the 3-phase relative
permeability:
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 S
gr
 is gained from the residual gas saturation in the

2-phase oil-water experiment. The 2-phase relative
permeability data are computed at the 3-phase oil saturation.

Martin J. Blunt Model1,9,19,23,29

Motivated by a review of 3-phase experiments,
Martin J. Blunt (1999) presented an empirical model for 3-
phase relative permeability. His procedure can be summed as
follows.

(1). Obtain six relative permeability from three 2-phase
experiments: k

rw(o)
 and k

ro(w)
 from an oil/water

displacement; k
ro(g)

 and k
rg(o)

 from a gas/oil displacement
at irreducible water saturation S

wi
; and k

rg(w)
 and k

rw(g)

from a gas/water displacement.
(2). If the medium is water-wet and oil is spreading, then

consider layer drainage. If not, skip this step. Obtain a
bulk oil relative permeability k

ob
 using relative

permeability and saturations measured at the end of the
2-phase gas/oil displacement.

(3). Include trapping by recording the 2-phase relative
permeability as functions of the flowing saturation. A
Land-type model (or modified Land model) for water-
wet media was proposed for gas and oil trapping.

(4). Use weighting factors to ensure smooth changes in
relative permeability with composition and to give
appropriate limits to the relative permeability at
miscibility. Combined with saturation-weighted
interpolation, this leads to the following equations for
the 3-phase relative permeability:
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This model is based on saturation-weighted
interpolation between the 2-phase values. To account for the
effects of wettability, saturation-weighting to all three phases
was applied. Due to the four stages, which allows different
amounts of experimental data to be incorporated, this model
also ensures smooth changes in relative permeability with
changes in hydrocarbon composition and tends to the
appropriate limits as the gas and oil become miscible. Martin
J. Blunt’s method accounts for trapping separately, instead
of Hustad and Hansen’s14 applying saturation-weighted
interpolation to all oil-water-gas phases and normalized the
saturations to allow irreducible saturations that varied linearly
between their 2-phase values.

The layer Drainage stages help to solve the quadratic
form of oil relative permeability for water-wet media and
spreading oils at low saturation. Many laboratory experiments
never reach these low oil saturations due to the time or
capillary pressure required. However, lower saturations may
be reached in the reservoir during gas injection. A possible
approach to this problem is to extrapolate the measured oil
relative permeability to low saturation assuming layer
drainage.

The 2-phase relative permeability used in a 3-phase
model are normally measured for just a single displacement:
generally primary drainage of gas for k

rg(o)
 and k

ro(g)
, and

secondary water injection for k
ro(w)

 and k
rw(o)

, However, many

3-phase displacements involve saturation changes that were
not explored in the 2-phase measurements. In theory 2-phase
data6 for all possible initial conditions could be performed,
as suggested by Stone, and the appropriate 2-phase relative
permeability used in the 3-phase model. In reality this is
rarely, if ever, done. Furthermore, Oak22 showed that such
an approach is not reliable, because 3-phase displacements
explore saturation paths that cannot be described in terms of
their 2-phase limits alone. Instead a simpler, more robust
method is required that uses relative permeability for only
one gas/oil, oil/water, and gas/water displacement.

This method accommodates any saturation history
of the relative permeability by being written as functions of a
flowing saturation S

f
, where it is assumed that using this

functionality gives relative permeability that are independent
of saturation path. The overall saturation is the sum of flowing
and trapped fractions: S = S

f 
+ S

t
.

The advantage of this approach is that from 2-phase
measurements and a single waterflood residual value to find
C

g
, the gas relative permeability for any displacement path

in 3-phase flow can be found. The disadvantage is that this
empirical method may not give accurate results. For instance,
Jerauld showed that the Land model gave poor predictions
for gas trapping in Prudhoe Bay cores. Instead, he proposed
a generalized form of the Land model that more accurately
matched the data. Furthermore, this model assumes that the
same amount of gas is trapped by water, as by oil. If the
system is not water-wet this may not be true, and extensions
to the model may need to be considered.

This model predicts that the sum of trapped oil and
gas saturations is constant, and depends only on the
maximum oil and/or gas saturation reached during the
displacement. However, for systems that are not strongly
water-wet, this may not be the case. Jerauld found that the
residual oil saturation was approximately independent of
trapped gas, and that the sum of trapped oil and gas is
proportional to Sor

w
15.

A simpler approach that uses phase densities is
applied here to account for capillary number dependence and
compositional consistency. Oil and gas phase properties may
vary continually as the pressure and composition of the
hydrocarbon varies in the reservoir. The relative permeability
should also vary smoothly from oil-like to gas-like with
composition. To ensure this, hydrocarbon relative permeability
are computed as a compositionally weighted average of the
oil and gas values.
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In compositional simulations near the critical point,
the oil and gas saturations can change rapidly due to mass
transfer between phases. The predicted amount of oil and gas
trapping is based on saturation changes due to displacement.
As a consequence, the estimated amounts of oil and gas trapped
may be inaccurate.

But the saturation-weighted interpolation method
needs six sets of relative permeability from three experiments.
Seldom availability of the data and complex calculation
procedures limits it wide use.

METHOD FOR 4- AND N-PHASE RELATIVE
PERMEABILITY DATA

In 20019, Mojdeh Delshad, A. Pope, Kamy
Sepehrnoori, Mukul M. Sharma, and Peng Wang12 published
two papers on four-phase relative permeability. In order to
better understand and evaluate the importance and
sensitivities of four-phase relative permeability on CO

2

recovery processes; To investigate the impact of 3-phase flow
approximations to four-phase flow simulations and
subsequently to develop better approximations for use in 3-
phase flow simulators such as VIP; and to improve modeling
capabilities for prediction of reservoir performance when
four-phase flow behavior occurs. They have performed
various researches on it. 4-phase or n-phase relative
permeability will be a future focus study in this area.

CONCLUSION

When using the relative permeability data, care
should be taken to ensure using the appropriate data.

The dominant method to obtain a 2-phase relative
permeability curve is from lab experiments, and Analogy
Method and/or Correlation Methods as complements when
needed can be resorted to.

Although many improvements have been made in
obtaining 3-phase relative permeability data from lab
experiments, but due to the cost-inefficiency, now it is still
more convenient to obtain them through calculation using
the corresponding 2-phase relative permeability data.

There are many methods to calculate 3-phase
relative permeability, such as Stone’s, Corey’s, wheeler’s,
Baker’s and Martin J. Blunt’s methods. As summarized in
this paper, they all have some weaknesses and strengths. No
method can replace the others and each method will have its
own seat in calculating 3-phase relative permeability data.

Four-phase or N-phase relative permeability is the
new-coming research focus in order to solve the tertiary
recovery problem.

NOMENCLATURE

a = Degree of oil-ness, Eq. (34).
b = Degree of gas-ness, Eq. (35).
B

j
= Formation volume factor of phase j, j=o (oil); w

(water); or  g (gas).
C

so
= Oil spreading coefficient, F/L, N/m.

k
j
0 = Endpoint relative permeability of phase j (ie. Other

phase(s) are irreducible).
k

ogc
0 = Endpoint relative permeability of the oil phase in

the three- phase system with oil and water at
irreducible  saturations S

wr
 and S

gr
.

K
abs

= Absolute permeability. md.
K

eff
= Effective permeability to each fluid phase(oil, gas,

or water), md.
k

j
(S

a
,S

b
) = Relative permeability of phase j as a function of

saturations.
k

jb
(S

a
) = Relative permeability of phase j in the 2-phase j-b

system.
k

ob
= Bulk oil relative permeability.

k
ogc

(S
g
) = Relative permeability of oil in the 3-phase system

with water at the connate (irreducible) saturation
S

wr
.

k
ol

= Oil relative permeability from layers.
k

r
= Relative permeability.

k
rg

= 2- or 3-phase relative permeability to gas.
K

ro
= 3-phase relative permeability to oil.

K
rw

= 3-phase relative permeability to water.
k

rg(o)
= 2-phase relative permeability to gas for gas

injection into oil (and irreducible water).
k

rg(o)
* = Krg(o) when layer drainage regime starts.

k
ro(g)

= 2-phase relative permeability to oil for gas
injection  into  oil (and irreducible water).

k
ro(g)

* = Kro(g) when layer drainage regime starts.
k

rw(g)
= 2-phase relative permeability to water for gas

injection  into water.
k

rg(w)
= 2-phase relative permeability to gas for gas

injection into water.
k

ro(w)
= 2-phase relative permeability to oil for oil/water

displacement.
k

rw(o)
= 2-phase relative permeability to water for oil/water

displacement.
n = Total number of phase present; in the reservoir, n

is 2 or 3.
R = Measured producing GOR,
R

so
= Solution GOR,

Review on Methods to Obtain Relative Permeability Data



604

S = Saturation.
S

gf
= Flowing gas saturation.

S
jr

= Residual saturation of phase j, j=o (oil); w
(water); or g(gas).

S
jrb

= Residual saturation of phase j in the 2-phase j-b
system.

S
g
* = Gas saturation when layer drainage regime starts.

S
j

= Saturation of phase j, j=o (oil); w (water); or g
(gas).

S
L

= Total liquid saturation, S
o
+S

w
;

S
Lr

= Total residual liquid saturation, S
or

+S
wi

;
S

m
= 1-S

gc.

S
of

= Flowing oil saturation.
S

ob
= Bulk oil saturation.

S
ol

= Oil saturation in layers.
S

ofb
= Flowing bulk oil saturation.

S
om

= Residual oil saturation in 3-phase flow (Stone I).
S

oi
= Initial oil saturation.

S
orgc

= Residual oil saturation in the 3-phase system with
water at irreducible saturation S

wr
.

S
o
* = Oil saturation when layer drainage regime starts.

S
wf

= Flowing water saturation.
S

wi
= Iinitial water saturation.

α? = Miscibility weighting factor, Eq. (27).
β ? = Miscibility weighting factor, Eq. (28).
λ? = Weighting factor for residual oil.
γ? = Interfacial tension, F/L, N/m.
ρ? = Density, M/L 3, kg/m 3 .
U

j
= Viscosity of phase j, j=o (oil); w (water);  g(gas).

Subscripts

b = Bulk
e = Effective.
f = Flowing.
g = Gas.
(g) = In the presence of gas.
h = Hydrocarbon (oil+gas).
i = Oil or gas.
j = Oil or gas.
o = Oil.
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