The Interrelation Between
Gas and Oil Relative Permeahilities

By A. T. Corey®

Introduction

The relative permeability of a reser-
voir rock to each of the fluids flowing
through it is important in the prediction
of reservoir behavior. If a direct rela-
tionship between gas and. oil relative
permeabilities could be demonstrated,
considerable time would be saved in the
analysis of large numbers of reservoir
samples. Such a relationship would also
contribute toward a better understand-
ing of the fundamental aspects of fluid
flow in porous material.

From the results of numerous meas-
urements in this laboratory by the capil~
lary pressure technique, a relationship
was observed between gas and oil rela-
tive permeabilities. This paper presents
a method for calculating oil relative

fluids and the factors affecting it have
long been recorded in the literature. One
of the early attempts to interrelate these
guantities in a rational manner resulted
in the Kozeny-Carman equation. Later
attempts have resulted in essentially the
same relationship.

According to the KXozeny - Carman
equation, permeability of a porous ma-
terial can be expressed as a function of
the product of two parameters one of
which evaluates the effective Dpath
length of the flowing fluid and the other
which evaluates the mean hydraulic
radius of channels through which the
fluid flows.

Rose and Bruce' suggested the use of
the Kozeny-Carman relationship to pre-
dict relative permeability. The name

this formula to partial saturations and
introduced a tortuosity coefficient, e, de-
termined empirically. Wyllie and Span-
gler* and later  Burdine’ derived an
analogous formula by using the mean
hydraulic radius concept of Kozeny-
Carman for each pore size in a rock
having a wide variety of pores. For a
detailed discussion of this theory and its
historical development, the vreader is
referred to the paper by Wyllie and
Spangler.®

From measured relative permeabili-
ties, Burdine” observed that the tortu-
osity parameters could be approximated
by simple expressions in terms of fluid
saturations. For all relative permeabil-
ity, ‘Burdine’s equation can be expressed

as. :
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saturatlon expressed as a fraction of the
re volume; Sor is the residual oil sat-
uration; Sm is the lowest oil saturation
5t which the gas tortuosity is infinite;
B, is the capillary pressure. The expres-
Sn "ASDI‘

i sion ¢ )2 is a parameter ahalogous
0 1-Sor
o that defined by Gates and Lietz® as

he tortuosity coefficient, e. The ratios

unctions of the mean hydraulic radii of
he oil and gas channels -at any satura-
ion, S.. .

- Burdine's tortuosity functions can be
valuated if the-saturation S.. and Sa
5 are known, and’ the ratios of integrals
-can be obtained by integrating the areas
“under curves of the l/Pc vs. saturation
i~ function.

Theory .

Because the theory and observations
~on which equations (1) and (2) are based
have been thoroughly discussed in the
literature® = & 4 ® % 7 derivations of equa-
“tions (1) and (2) are not given here. It
as beenn found, however, that ds a con-
equence of the chardcteristics of the
"1/P2 vs. saturation ‘function, Burdine’s
equations can be simplified.

The determination of a number of oil-
gas capillary pressure curves on sedi-
mentary porous materigl, and the in-
_spection of others measured elsewhere
“indicate that to a close approximation:

) . j 6 (So = Sor) fOl‘ So > Sor
1/P2 = Ck 3)
l 0 for So‘ < Sor !

whefe C is a constant. If the saturation
is expressed’as a fraction of the “effec-
tive” ‘pore volume - (volume of pores
minus the volume of residual oil),

' 1/P2 = © Soo )
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igure 3—Relative permeabilities on pooriy ccnsahdafecl sand . showmg
agréement with calculatad values.

In equatioris (1) and (@), S, is the oil i

of. integrals in equations (1) and (2) are -

where C = C (1 - Sor), and where See is

" the effective saturation defined by~

= Sor ) " :
Soe = ——— (5)
1-Sor

Because of the linear relationship ex-
pressed in equation (4) and illustrated
in Fig. 1, the ratios of integrals in equa-
tions (1) and (2) can be evaluated from
the geometry of similar right triangles.
At any saturation, S.., the ratic apply~
ing to the oil phase is S..® and that

-applying to the gas phase is 1=-S..*

Reference to Fig. 1 will make this situ-
ation clear. In-Fig. 1, the values Aw and
Ao represent the integrals at the satu-
rations 0.7 and 1.0 respectively.i Conse-
quently equation (1) becomes

ro = Sos ,' "’(6)

Moreover, if Sm is assumed to be unity
in a first approximation, equation (2)
becomes

Krg = (1 ‘Soe)z 1 -Sn‘e2) (7)

Equations (6) and (7) imply a rela-
tionship that should be applicable for
the calculation of oil relative permeabil-
ities from measured gas relative perme-
abilities. Although it is expected that the
validity of equations (6) and (1) is
confined to natural sediments, the need
for capillary pressure data required for
the solutions of equations (1) and (2) is
avoided. Perhaps the best that can he
expected for any generalization of this
kind is an approximation. If is desirable
that the approximation not require
measurements which under some condi-

$Note that the constant C cancels in the ratio of
integrals in equation (1). It is therefore mot mecessary
to relate G to the actual displecement.pressure; C
can be chosen to give the hest possible fit to the
capillary pressure curve. Also, becanse of the
smoothing effect of integration, even a capillary
pressure curve which deviates considerably from the
relation (4) will give values for ‘the ratio of in-
tegrals which will be very close to 5,2 :
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Figure 4—Relative permeabilities on sand cemented with dolomne
showing deviations from calculated values,

tions might be as dlfflcult as the direct
measurement of 1elat1ve permeability.

Experimental Procedures

Relative permeability, measul?emﬁfts
have been made on a large number of
cores from several reservoir formations
by the capillary pressure technique.” The
equipment employed is similar to that -
deseribed by Gates.and Lietz?® but it has
a number of mébhanical refinements
which make it adaptable to the semi-
routine analyses of oil field cores. With
this equipment, consistently repr oducible
results have been obtained ot many
reservoir materials.

In addition to the capillary pressure
technique, a simplified procedure has

_been developed for the rapid measure-

ment of gas relative permeabilities,
which is similar to that designated by
Osoba® et al. as the “stationary liquid
method.” The method differs from
theirs in that the cores are generally not
plastic-coated and are not confined ak
the time of desaturation. The cores ‘are
placed in a. sleeve only during- actual -
flow measurements. Oil is removed in
increments with an absorbing tissue, and
saturations are determined gl‘avimetri-
cally.

Because of the convenience and speed
with which gas relative permeabilities
can be measured by this technique, the
data obtained for gas were used to com-
pute oil relative permeabilities, and .
these were compared with- values meas~ -
ured by the capillary pressure technique..

The procedure was as follows:

(1) Using equation (7), approxi- .
mate values of S.. are determined
corresponding to measured values of
Ky and So.t :

'I‘K,rg values measured at very low oil saturations
should be ignored because equation (7) is not ap-
plicable ab saturations less than Sgp. | ’
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(2) These calculated values, which

may be designated as S.., are plotted
as a function of S..

If Sm were exactly unity, then See
would equal S.. and, by equation
(5), would give a straight line. In
fact, Sm -+ 1 in general, and the
curve is only approximately straight.
However, if this curve is extrapolat~
ed t0 See = 0 and S. = 1, the cor-
responding values of S, are exactly
Sor and Sm.

(3) 'Using the value of S, ob-
tained in this way, values of oil
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relative permeability are obtained'
from the relationship,

Sn - Sor &
Kro = ( )
1 - SOr
The procedure can be expedited by
making an accurate plot of the function
Krg ': (1 -~ gue)2 (1 - 1§oe2).

By the use of such a plot, coinplete Kro
curves can be obtained from measured
K:; data in a few minutes.

Results and Discussion:

Altogether, the measured relative per-
meabilities of about forty cores were
analyzed in the manner described above.
In about two-thirds of the cases, the
measured values of K., were in good
agreement . with the theory. Examples
are shown in Figures 2 and 3, Only a

few cores gave results differing greatly.”
" from the measured values. Examples of /

three different types of variations are
shown in Figures 4, 5, and 6. These

- examples represent the most extreme
variations observed. In most cases the

variations, if any, were much smaller,

These statistics are probably not par- :

ticularly significant, however, becaltse :
many of the cores were from’ the same
formation. From the assumptions made
in the derivation of equation (6), it is
unlikely that it would apply to materials
having unusual -pore size distributions
such as synthetic. materials, aggregated
soils, vugular limestones, or sands con-
taining a high percentage of cementmg
material.

In the derivation, the fluids are pre-
sumed not to react with the matrix,
Consequently, )
apply to water-gas or even water- oil
systems. Moreover, there is no evidence
to support the use of equation (5) for
systems in which a wetting phase re~
places a non~wetting phase as in imbi-
bition or a water flood.

Not all of the situations described in
the foregoing paragraphs have been ex-
amined. Equation (6) failed, however, in
the case of sand cores containing con-
siderable dolomitic cementing material.
A comparison of measured and calcu-
lated data'on a sand core of this type is
shown in Figure 4..Similar data for a

core from the same formation but con~'
cenienting material. are

taining - less
shown in Figure 2.

Equatlon (6) also failed in the case of
cores having pronounced stratification.
An extreme example is illustrated in
Figure 5. .In this case the measured
curves contained inflections not pre-
dicted by equation (6). Cores from the
same formation hot having visible strati-

" fications had relative permeabilities in

excellent agreement with computed
values. This formation consists of poorly
conselidated sand containing shale lam-
inations but little cementing material.
The measured oil relative permeability
curves sometimes contain an inflection
at or near a saturation corresponding
to the ‘extrapolated Sw. An analogous
phenomenon was observed by Botset® on

a consolidated sandstone. Oil and gas
relative permeability curves on a con-
solidated sandstone are shown in Figure

6 which illustrate a rather extremé exX~ :

ample of this type of inflection.

“ Wyckoff and Botset*® defined an.
“equilibrium saturation” above which
they were unable to obtain steady state
flow of gas and hquld mixtures in un-
consolidated sands. With the technigques
employed in this . study, however, it is
possible to control the pressure gladlents
in both phases independently, and
steady state flow was obtained at all
saturations, Whether or not the satu- .
rations obtained- were uniform. on g
microscopic or even macroscopic basis
or whethet the systems were at all times
in a state. of capillary equilibrium are
questions which are too complex t6 be
discussed in this paper. ‘

It should be noted that the term S,
as prev1ously defined is not necessarily
equal to/ ‘the “equilibrium saturation.”
In fact;r, S« ‘may have no physical” sig-

/ nificance except that implicit in ‘the

method of its derivation,

A" factor which did not have .any
measurable effect on oil relatlve perme-
<~b111t1es was the presence or absence of
1es1dua1 brine. This situation. is 111us-
trated in Figures-2 and 4..

Equation (7) has not been used except
as a tool for getting the saturation, So.,
needed for the solution of equation (6).
It might be useful for obtaining K K.,
curves also if a method could be found )
for determining S.» and Sw that is more
convenient than measuring gas relative
pelmeabllltles

Summamy and Conclusions

Measurements on a large number of
cores indicate that a definite relation-
ship usually exists between gas and oil
relative permeabilities. The obServed re~
lationship can be deduced from the
characteristics of capillary pressure-de-
saturation curves obtamed on. porous
sedimentary rock.

" Examination of capillary pressure-de-
saturation curves leads to the conelusion . .
that to a close approximation:

So = Sor , ”

/P2 = C( ) T

1 -8 . . i

From this relationship based, entirély :on
observation and from the finding
Burdine concerning the nature of t\_he

tortuosity-saturation function, an e%-
pression for oil relative permeability v(ras ’

derived.
So - Sor i ’
== ()
, 1 - Sor

and for gas relative permeability:

' So-Sor e S_o - S(;r\
K = [1 - [1 - (——)]
. Sm ~ Sor ) 1-Soer:

Using gas relative permeabilities meas-

‘ured by.a simple and rapid technigue, e
- values of a residual oil saturation, 8.,

were obtained by means of which Ko
curves were. calculategl.
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The calculated K, curves were in good
gfeement with measured values on
ahy cores from a number of reservoir
From an analysis of the
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deviations from calculated values in region of low gas saturation,
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