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Abstract Many resistivity data from laboratory measurements and well logging are avai-
lable. Papers on the relationship between resistivity and relative permeability have been few.
To this end, a new method was developed to infer two-phase relative permeability from the
resistivity data in a consolidated porous medium. It was found that the wetting phase rela-
tive permeability is inversely proportional to the resistivity index of a porous medium. The
proposed model was verified using the experimental data in different rocks (Berea, Boise
sandstone, and limestone) at different temperatures up to 300°F. The results demonstrated
that the oil and water relative permeabilities calculated from the experimental resistivity data
by using the model proposed in this article were close to those calculated from the capillary
pressure data in the rock samples with different porosities and permeabilities. The results
demonstrated that the proposed approach to calculating two-phase relative permeability from
resistivity data works satisfactorily in the cases studied.

Keywords Relative permeability model - Resistivity index - Capillary pressure -
Wetting phase saturation

Nomenclature

A Across area of rock

E. Electric current or flux

G Conductance of a tube

G, Conductance of a porous medium at a water saturation of 100%
Gy,  Conductance of a porous medium at a water saturation of Sy,

I Resistivity index

k Absolute permeability

kmw Relative permeability of the nonwetting phase
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krw  Relative permeability of the wetting phase
l Length of tube or rock

n Saturation exponent
AP Pressure gradient
q Volumetric rate of flow

r Radius of tube

Ry  Resistivity of rock at a water saturation of 100%

R;  Resistivity of rock at a specific water saturation of Sy,
Ry  Resistivity of water

Sw  Wetting phase saturation

Normalized wetting phase saturation

Swr Residual water saturation

AV  Voltage gradient

u Viscosity

A Pore size distribution index

1 Introduction

One of the important parameters in controlling multiphase fluid flow in porous media is
relative permeability. The concept of relative permeability has been adopted in petroleum
reservoir engineering, geothermal reservoir engineering, soil science, and many other
industries. The direct method to obtain relative permeability is experimental measurement.
But it may be difficult to measure in some cases. Such cases include extremely low per-
meability rocks and special fluid systems in which there are phase transformation and mass
transfer between the two phases as pressure changes (Li and Horne 2001, 2004). Rela-
tive permeability can also be calculated using other parameters such as capillary pressure.
Several mathematical models have been proposed to infer relative permeability from capillary
pressure data. Purcell (1949) developed a method to calculate the permeability using capil-
lary pressure curves measured by mercury-injection. This method has been used to calculate
multiphase relative permeabilities, as reported by Gates and Leits (1950). Later, Burdine
(1953) introduced a tortuosity factor in the model. Corey (1954) and Brooks and Corey
(1966) summarized the previous work and modified the method by representing capillary
pressure curve as a power law function of the wetting-phase saturation. The modified model
was known as the Brooks and Corey relative permeability model. This model has been used
in many fields. These include vadose zone studies, subsurface remediation of nonaqueous
phase liquids (Parker et al. 1987), oil-water flow in reservoir rocks (Honarpour et al. 1986),
and steam-water flow in geothermal reservoirs. It is very difficult to measure steam-water
relative permeability because of mass transfer and phase transformation between steam and
water as pressure changes. Li and Horne (2005) reported that steam-water relative permea-
bility could be calculated from capillary pressure data. These models provide an easier and
more economical approach to obtaining steam-water relative permeability, compared to the
experimental technique.

Demond and Roberts (1993) conducted a comparison of experimental measurements
with estimates generated with five common methods and their results showed that these
methods were limited in their predictive capabilities. Another approach to estimating relative
permeability is pore-scale network modeling. For example, Rajaram et al. (1997) used pore-
scale network models to investigate the influence of correlations on the capillary pressure-
saturation-relative permeability relationships for unconsolidated soils. The predicted relative
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permeabilities were compared to the measured values and predictions using the traditional
van Genuchten relationships (1980). Rajaram et al. (1997) showed that the pore-scale model
could fit the capillary-pressure saturation curves and predict the saturation-relative permeabi-
lity curves with a degree of accuracy comparable to the van Genuchten relationships (1980).

However, the capillary pressure technique to compute relative permeability still requires
the measurements of capillary pressure, which has the same difficulty as measuring relative
permeability in many cases. It would be helpful for engineers and scientists to have a method to
infer relative permeability from resistivity data because they are easier to measure and a great
amount of resistivity data is available from well-logging. However, such models have been
few. Liand Williams (2006) developed a correlation between resistivity and capillary pressure
theoretically; but relative permeability was not considered. Pirson et al. (1964) proposed a
model to calculate relative permeability from resistivity data; the model reported by Pirson
etal. (1964) was empirical. In this study, a new model was derived theoretically to infer relative
permeability from resistivity data. Oil and water relative permeability data were calculated
from the experimental resistivity data in different rocks using the proposed approach. The
results were compared with the oil and water relative permeability data computed from the
experimental data of capillary pressure measured in the same core samples.

2 Mathematical Models

The relationship between relative permeability and resistivity index is derived in this section.
The main theory behind this is the similarity between fluid flow in a porous medium and
electricity flow in a conductive body.

2.1 Calculation of the Wetting-Phase Relative Permeability

The conductance of a porous medium at a water saturation of 100% is:
Ga=1/R, (1)

where R, is the resistivity at a water saturation of 100%, G, is the conductance of a porous
medium at a water saturation of 100%.
The conductance of a porous medium at a specific water saturation of Sy, is:

Gw=1/R (@)

where R; is the resistivity and G, is the conductance at a specific water saturation of Sy .
According to the analogy between fluid flow and electrical flow, the relative permeability

of the wetting phase can be calculated using the following equation:

Gy R, 1

=W S 3
G, R, I )

krw =

where [ is the resistivity index, kyw is the relative permeability of the wetting phase. The
derivation of Eq. 3 is presented in Appendix A.
According to Archie’s equation (1942), the following equation applies:

1= R (s 4
_FO_(W) “

where n is the Archie’s saturation exponent.
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At a water saturation of 100%, it is known that / = 1, so the value of k. calculated
using Eq. 3 would be equal to 1, which is true. At the residual water saturation, it is known
that kr,, = 0, which implies that / approaches infinity according to Eq. 3. But it is known
that the value of / does not approach infinity at the residual water saturation. So the value
of kpy calculated using Eq. 3 is greater than zero, which is not consistent with the physical
observation.

The relative permeability of the wetting phase calculated using Eq. 3 will be greater than
the true value. The reason is that the resistivity counts the average volumetric properties of
the pore bodies in a porous medium while permeability counts the properties of pore throats.
This may also be why resistivity well-logging can obtain porosity but not permeability.

Considering these problems, Eq. 3 is modified as follows:

Sw = Swr 1
1 —Swr [
where Sy is the residual saturation of the wetting phase. According to Eq. 5, krw = 1 at

Sw = 100% and k; = 0 at Sy, = Sy, Which is reasonable.
Equation 5 can also be expressed as follows:

(&)

ey =

w1
ke = % ©)
1
S is the normalized saturation of the wetting phase and is expressed as follows:
Sw — Owr
Sh = — 7
v = TS (7

Relative permeability of the wetting phase can be calculated using Eq. 6 from resistivity
index data once the residual saturation of the wetting phase is available. Note that the resi-
dual saturation of the wetting phase can be obtained from the experimental measurement of
resistivity in the porous medium.

2.2 Calculation of the Nonwetting-phase Relative Permeability

The wetting-phase relative permeability can be inferred from the resistivity data based on
Eq. 6. However, the relationship between nonwetting-phase relative permeability and resis-
tivity has not been established. The computation of nonwetting-phase relative permeability
will be described in this section.

Studies have shown that the wetting-phase and nonwetting-phase relative permeabilities
are coupled and can be calculated using capillary pressure data (Purcell 1949; Brooks and
Corey 1966; Li and Horne 2005). Li and Horne (2005) have found that the Purcell model was
to be the best fit to the experimental data of the wetting-phase relative permeability in the cases
studied, as long as the measured capillary pressure curve had the same residual saturation
as the relative permeability curve. Li and Horne (2005) also developed a physical model to
explain the insignificance of the effect of tortuosity on the calculation of the wetting-phase
relative permeability. As the wetting-phase and nonwetting-phase relative permeabilities are
coupled, the nonwetting-phase relative permeability will be computed from the wetting-phase
relative permeability which can be inferred from the resistivity data (see Eq. 6). The details
are presented in the following.

According to Li and Horne (2005), the wetting-phase relative permeability can be calcu-
lated using the Purcell approach (1949):

241

krw = (S::;) * (8)
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where X is the pore size distribution index and can be calculated from capillary pressure data.
After the relative permeability curve of the wetting phase is obtained using Eq. 6, the
value of XA can be inferred using Eq. 8.
According to the Brooks—Corey model (1966) and the study by Li and Horne (2005),
the relative permeability of the nonwetting phase can be calculated once the value of A is
available. The equation is expressed as follows:

ke = (1= S5 [1 = (520 | ©)

One can see that the entire relative permeability set (both wetting and nonwetting phases)
can be inferred from resistivity index data using Egs. 6 and 9.

3 Results

The experimental data of resistivity and capillary pressure measured by Sanyal (1972) in
rocks (Berea, Boise sandstone, and limestone) with different permeability were used to test
the models (Eqs. 6 and 9) developed in this study. All of the experimental data used in this
study were obtained in drainage process. Firstly, the values of oil/water relative permeability
were calculated using Eqs. 6 and 9. Secondly, the oil/water relative permeability data were
calculated using the capillary pressure data (Li and Horne 2005). According to the study by
Li and Horne (2005), relative permeability could be calculated accurately using the capillary
pressure technique. Finally the results of relative permeability inferred from resistivity index
and capillary pressure data, respectively, were compared.

3.1 Berea Sandstone

The Berea sandstone sample used by Sanyal (1972) had a porosity of 20.4% and a permeability
of 300md. Fig. 1 shows the relationship between resistivity index and water saturation in
Berea sandstone at a temperature of 175°F.

The values of the resistivity index at different water saturation shown in Fig. 1 were mea-
sured in oil-water (water displaced by oil) systems. Figure 1 also shows that the relationship
between resistivity index and water saturation in Berea sandstone at a temperature of 175°F is

1000

100 +

Resistivity Index

0.01 0.10 1.00
Water Saturation, fraction

Fig. 1 Relationship between resistivity index and water saturation in Berea sandstone at a temperature of
175°F (Sanyal 1972), goodness of fitting: R2=0.9941
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Fig. 2 Capillary pressure data measured in Berea sandstone at a temperature of 175°F (Sanyal 1972)
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Fig. 3 Relative permeability calculated from resistivity and capillary pressure data in Berea sandstone at a
temperature of 175°F

linear on a log—log plot, which is consistent with the Archie’s equation (Eq. 4). The regression
coefficient R?=0.9941.

Oil/water capillary pressure data were measured simultaneously with resistivity in the
same core sample. The results are plotted in Fig. 2. Oil/water relative permeability data were
calculated from the experimental data of the resistivity index (using Egs. 6 and 9) and capillary
pressure data (see Li and Horne 2005), respectively. The results are compared and shown
in Fig. 3. As shown in Fig. 3, the relative permeability data inferred from the resistivity
index data are close to those calculated using the capillary pressure data. The oil relative
permeabilities inferred from the resistivity index data are almost equal to those calculated
from the experimental capillary pressure data.

Sanyal (1972) also conducted the experimental measurements of resistivity index and
capillary pressure at different temperatures in the same core sample. The resistivity index
data at a temperature of 300°F are plotted in Fig. 4. One can see from Fig. 4 that the resistivity
index data also follow the Archie’s law (Eq. 4). The regression coefficient R? =0.9925.

Figure 5 shows the oil/water capillary pressure data measured simultaneously with resisti-
vity in the same Berea sandstone core sample at a temperature of 300°F. Figure 6 demonstrates
the relative permeability data calculated from both the resistivity index data shown in Fig. 4
(using Egs. 6 and 9) and the capillary pressure data in Fig. 5 (see Li and Horne 2005). One
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Fig. 4 Relationship between resistivity index and water saturation in Berea sandstone at a temperature
of 300°F (Sanyal 1972), goodness of fitting: R%2=0.9925
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Fig. 5 Capillary pressure data measured in Berea sandstone at a temperature of 300°F (Sanyal 1972)

can see in Fig. 6 that both the oil and water relative permeabilities inferred from the resistivity
index data are almost equal to those calculated from the capillary pressure data.

3.2 Boise Sandstone

The Boise sandstone core sample had a porosity of 32% and a permeability of 960 md. The
values of porosity and permeability are greater than those of the Berea sandstone used by
Sanyal (1972). Figures 7 and 8 show the resistivity index data and capillary pressure versus
water saturation in Boise sandstone at a temperature of 175°F.

The relative permeability data calculated from both the resistivity index data shown in
Fig. 7 (using Eqgs. 6 and 9) and the capillary pressure data in Fig. 8 are plotted in Fig. 9.
Figure 9 shows that the oil and water relative permeabilities calculated from the resistivity
index data are also close to those calculated from the capillary pressure data.

The results at a temperature of 300°F are demonstrated in Figs. 10-12. Figure 10 shows
the resistivity data and Fig. 11 shows the capillary pressure data. Figure 12 plots the relative
permeability calculated from the resistivity index shown in Fig. 10 (using Eqgs. 6 and 9)
and the capillary pressure in Fig. 11, respectively. One can see from Fig. 12 that the values
of the oil relative permeability calculated from resistivity index are close to those inferred

@ Springer



28 K. Li

1.0 A
> 0.8 Ak, from Resistivity
= Ak, from Resistivity
:.g - k,, from Pc
g 0.6 = k., from Pc
=
o)
W)
< 04
=
o)
& 02
0.0 f t A

0.0 0.2 0.4 0.6 0.8 1.0
Normalized Water Saturation, fraction

Fig. 6 Relative permeability calculated from resistivity and capillary pressure data in Berea sandstone
at a temperature of 300°F

1000

T

100 1

Tt

Resistivity Index

T

0.01 0.10 1.00

Water Saturation, fraction

Fig. 7 Relationship between resistivity index and water saturation in Boise sandstone at a temperature
of 175°F (Sanyal 1972) , goodness of fitting: R%=0.9996
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Fig. 8 Capillary pressure data measured in Boise sandstone at a temperature of 175°F (Sanyal 1972)
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Fig. 9 Relative permeability calculated in Boise sandstone at a temperature of 175°F
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Fig. 10 Resistivity index in Boise sandstone at a temperature of 300°F (Sanyal 1972), goodness of fitting:

R?=0.9934
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Fig. 11 Capillary pressure data measured in Boise sandstone at a temperature of 300°F (Sanyal 1972)

from the capillary pressure data. However, the water relative permeability calculated from
resistivity index data is smaller than those inferred from capillary pressure. This may be the
experimental error because of the high test temperature.
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Fig. 12 Relative permeability calculated from resistivity and capillary pressure in Boise sandstone
at a temperature of 300°F
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Fig. 13 Resistivity index verus water saturation in limestone at a temperature of 300°F (Sanyal 1972),
goodness of fitting: R%2=0.9943

3.3 Limestone

The limestone core sample had a porosity of 19% and a permeability of 410 md. The resistivity
index and capillary pressure data at a temperature of 300°F are depicted in Figs. 13 and
14, respectively. The results of relative permeability calculated from the resistivity index
and the capillary pressure data are plotted in Fig. 15. One can see in Fig. 15 that the oil
relative permeabilities inferred from the resistivity index data are almost equal to those
calculated from the capillary pressure data in the limestone core sample. The difference
between the relative permeability inferred from the resistivity index and those calculated from
the experimental data of capillary pressure is acceptable in terms of reservoir engineering
applications.

4 Conclusion

On the basis of the present study, the following conclusions may be drawn in the cases stu-
died. A new method was developed to infer two-phase relative permeability from resistivity
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Fig. 14 Capillary pressure data measured in limestone at a temperature of 300°F (Sanyal 1972)
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Fig. 15 Relative permeability calculated from resistivity and capillary pressure data in limestone at a
temperature of 300°F

index data. Theoretically, the wetting phase relative permeability is inversely proportional to
the resistivity index of a porous medium. The proposed model works satisfactorily for the
experimental data presented. The values of the nonwetting phase relative permeability infer-
red from the resistivity index data are almost equal to those calculated from the experimental
capillary pressure data. For the wetting-phase relative permeability, the values inferred from
the resistivity index are close to those calculated from capillary pressure in most of the cases
studied.
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Appendix A: Derivation of Relationship Between Relative Permeability and Resistivity
Index
Fatt (1956) reported a method to obtain dynamic properties of networks with tubes by means

of a network of resisters used as an analog model. The analogy between Poiseuille’s law and
Ohm’s law was used by Fatt (1956). The analogy between fluid flow and electric flow has
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been used by many researchers (King 1989; Li and Firoozabadi 2000, etc.). The Poiseuille’s
law for a cylinder is:

art

=_——AP A-1
q 8.l (A-1)
where ¢ is the volumetric rate of flow, u is the viscosity, A P is the pressure gradient, and r
is the tube radius, and / is the tube length.
Ohm’s law is:

E.=GAV (A-2)

Where E. is the electric current or flux and is equivalent to the volumetric rate of flow in
Poiseuille’s law, G is the conductance, and AV is the voltage gradient. Both laws give the flux
as a function of the potential drop and the resistance of the medium. Fatt (1956) demonstrated
the interchangeability of tubes and electrical resistors.

By analogy then (Fatt 1956),

. r# (A3)
T 8ul
Darcy’s law is:
Ak
q=—AP (A-4)
ul

Here A is the cross area of the rock and [ is the length of the rock. The analogy between
the Darcy’s law and the Ohm’s law is obvious.
Using the same procedure, one can obtain:

Ak
Gy=— (A-5)
ul
For a rock saturated with water partially, Eq. A-5 can be written:
Akk,
Gw=——" (A-6)
ul

Equation 3 can be obtained by combining Egs. A-5 and A-6.
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