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Summary. Accurate relative permeability data is an essential input parameter for many reservoir engineering
applications, most significantly in the area of reservoir simulation. Methods of relative permeability determination
are discussed with specific emphasis being given to the calculation of relative permeability curves from unsteady state
displacement experiments. Recent advances in history matching techniques for the computation of relative
permeability data from unsteady state displacement tests, including rigorous modeling of capillary effects, more
flexible cubic and B spline functional forms for the relative permeability relations, and the simultaneous prediction
of relative permeability and capillary pressure, are all discussed. Simple corrective techniques for correcting endpoint

relative permeability values for in-situ capillary effects are also presented.

Introduction

Relative permeability is an empirical parameter
used to modify Darcy’s single phase flow equation to
account for the numerous complex effects associated
with the flow of multiple immiscible phases within
porous media'.

Relative permeability measurements are
utilized extensively in many areas of reservoir
engineering, and more particularly in recent years in
the area of matching, predicting and optimizing
reservoir performance and depletion strategies through
the use of detailed numerical simulation models.

Those involved in numerical simulation realize
the importance of good relative permeability data on
the performance of reservoir simulation models. This
paper discusses the evolution of relative permeability
measurement techniques and reviews the current state
of the art technology in the determination of relative
permeability data. Recent experimental work and
techniques for improving the acquisition of raw
laboratory data for relative permeability calculations
are also discussed.

Factors Affecting Relative Permeability

Relative permeability can be affected by many
physical parameters including fluid saturations,**
physical rock properties,”” wettability,*"® saturation
history (hysteresis effects),'"'? overburden stress,>"*
clay and fines content,'*'® temperature,'”'® interfacial
tension,'® viscosity,”® magnitude of initial phase
saturations,?* immobile or trapped phases,”"** and
displacement rates and capillary outlet phenomena.”*
A detailed discussion of the many factors affecting
relative permeability is beyond the scope of this
paper, but the general consensus of researchers is that
in order to obtain the most representative relative
permeability data that reservoir conditions during the
tests be duplicated as closely as possible. This
involves the use of well preserved or restored state
reservoir core material, the wuse of "live"
uncontaminated actual reservoir fluids in the tests, and
operation at full reservoir conditions of temperature,
pressure and confining overburden stress.



Types of Relative Permeability Measurements

A number of researchers have postulated
different methods for the experimental determination
of relative permeabilities on reservoir core samples.
The most popular of these fall into the category of
"steady state" and "unsteady state" displacement tests.
A number of centrifuge methods have also been
proposed®® but in general have had limited
acceptance due to the small size of the core samples
which can be utilized and the inability to conduct
those types of tests at reservoir conditions of
temperature and pressure.

Steady State Measurements

Figure 1 provides an illustrative schematic of
a typical steady state relative permeability apparatus.
In this type of test a fixed ratio of two or more
immiscible fluids are simultaneously forced through
a test sample until saturation and pressure
equilibrium are established. The experiments are
designed in such a way as to eliminate end effects.
This is accomplished in a number of ways, the most
common being the inclusion of an additional length of
core or sandpack to the end of the test section of
interest to absorb the capillary end effect. Various
other methods such as the use of semi-permeable
membranes and plates, or cone shaped core ends to
increase production velocity at the outlet face to
minimize the end effect, have also been investigated.

At each equilibrium point, in a steady state
test, individual-phase permeabilities and relative
permeabilities are computed based on the measured
phase differential pressures and individual phase flow
rates. Once one set of stable data is obtained the
injection ratio of the two fluids is varied, stability is
re-established and the relative permeabilities at the
next saturation level are then determined.

The steady-state method is preferred by some
investigators since end effects are negated and, since
the test is not truly a displacement test but rather an
equilibrium flow test, stability and rate effects
associated with viscous instabilities are eliminated.
The disadvantages of this method are:

1. Accurate determination of in-situ saturations is
required after each displacement level which
can be difficult and expensive in reservoir
condition tests.

2, Days or weeks are often required to achieve
equilibrium at each saturation point. This can
result in weeks or months being required to
complete a simple relative permeability
determination at an extremely high cost.

3. A considerable amount of expensive
experimental equipment is required to conduct
these tests, particularly at conditions of
elevated temperature and pressure.

Unsteady State Measurements

These much simpler tests are conducted rapidly
by the displacement of a single phase through a core
which is initially saturated with wetting and non-
wetting phase and is at the minimum saturation of the
phase to be injected (ie. S,; for a waterflood in a
water-wet core). The production history and pressure
differential across the core are closely monitored
during the displacement. Mathematical derivations of
classical Buckley-Leverett” theory or more complex
computer simulation techniques, (which shall be
discussed shortly), can be used with this data to
compute the relative permeability curves. Because
this type of experiment can be conducted relatively
rapidly and at a low cost, it is almost exclusively
utilized in preference to the steady-state method for
commercial relative permeability testing. The main
disadvantages of this method are its susceptibility to
end effects, rate-dependent instability effects, and
potential non-equilibrium between displacing and
displaced fluids.

Calculation Methods for Computation of Relative
Permeability From Laboratory Data

Steady-State Methods

As discussed previously, relative permeabilities
can be computed directly from two-phase steady-state
relative permeability displacement tests at given
saturation levels. This is a distinct advantage of the
steady-state method as no special treatment or
manipulation of the data is required. Due to the cost
and complexity of steady state measurements;
however, they are not often utilized with preference
being given to the much simpler and less expensive
unsteady state test.



Unsteady-State Methods

The fluid theory initially described by Buckley
and Leverett” to describe fluid flow through porous
media was later modified by Welge® to facilitate the
prediction of relative permeability ratios at given
saturation levels in laboratory scale core displacement
tests. These classical flow equations are described in
detail in the above references, to which the reader is
referred.

For the case of horizontal flow and negligible
capillary pressure, Welge illustrated that:
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where:

Soav = average core water saturation

Sz = outlet-face water saturation

Fo, = fractional flow of oil at outlet
face

O. = total pore volumes of water
injected

Since S,,,, and Q,, are known (from material
balance and injection data respectively) and Fo, can
be determined from a plot of Q, as a function of
S, it can be calculated that:
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where:
Po, B = oil and water viscosities (cP)

ko ke = endpoint oil and water relative

permeability values.

This allows the relative permeability ratio to be
computed at any saturation AFTER breakthrough of
the water phase. Similar equations can be derived
for gas-oil systems.

The work of Welge was extended by Johnson
et al’ to obtain a method (commonly called the JBN
method) for calculating individual-phase relative

permeabilities from unsteady-state test data. These
equations are:
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where:
F,, = outlet fractional flow of water
AP = pressure differential across sample

The advantage of the JBN method over that of
the Welge method was that for the first time
individual phase relative permeabilities could be
computed from unsteady state data instead of merely
relative permeability ratios.

The JBN method has been popular since its
inception, even though it suffers from some basic
deficiencies, and is still used in many applications
today.

Another fairly popular method is that of Jones
and Roszelle®. This method is an extension of the
JBN method and also utilizes graphical techniques
(which can be computerized).

The basic assumptions of the Jones-Roszelle
method are similar to that of the previously discussed
IBN method. In this technique the oil produced is
expressed as a change in the average water saturation
within a core sample. The change in saturation is
plotted vs the pore volumes of water injected to
calculate the relative permeability ratios as a function
of the water saturation.



The Jones-Roszelle method has particular
application late in waterfloods when oil production is
very minimal and the slope of the oil recovery vs PV
of injection graph becomes very slight. The methods
involve plotting recovery vs the inverse of cumulative
injection (1/Q,;) which avoids long tangent
extrapolations back to the y axis and also facilitates
easy extrapolation back to the point of infinite water
injection (1/Q,,; = O), which is thought by the authors
to yield a better estimation of the true residual oil
saturation after a waterflood.

Since all three methods discussed previously
are based upon the same fundamental derivations of
Buckley-Leveritt flow theory, they tend to be subject
to the same limitations, namely:

1. All methods neglect both capillary pressure
and gravitational effects in their basic
derivation. This means that the methods
cannot account for end effect phenomena and
the dispersing effect of capillary pressure on
saturation shock fronts within porous media.
Typically in the past these types of tests were
run at very high displacement velocities to
yield a large pressure drop across the core
sample to minimize the contribution of
capillary pressure effects. This can lead to
severe problems with both fines mobilization
and viscous instability effects.

2. The Welge, JBN and Jones-Roszelle methods
all assume perfectly dispersed flow with no
core heterogeneities. Since these methods are
based on the evaluation of derivatives of the
fractional flow curves, if the fractional flow
data is non-monotonic, which can often occur
in heterogeneous core samples, this results in
severe deviations in the computed relative
permeability data. This phenomena is
illustrated by Sigmund et al** and appears as
Figure 3.

3. Since all of the methods are based upon the
analysis of fractional flow data, they can only
predict relative permeability data after water
breakthrough. In strongly water wet core
material, a water displacement results in an
almost piston like flow of water through the
core resulting in a very steep and localized
region of fractional flow. This, therefore,
results in only a very small cluster of relative

permeability data points being obtained at
saturations near the maximum level. Thus
significant extrapolation is required for the
relative  permeabilities at intermediate
saturation levels.

This last deficiency was commonly remediated
by utilizing a viscous mineral oil in place of the
hydrocarbon phase in the test. This, however, yields
an improper viscosity ratio which can affect residual
saturations and endpoint relative permeability values.
Also, the use of refined or synthetic oils can affect
core wettability due to the solubilization of asphaltic
and heavy ends into solution and cause significant
changes in the configuration of the resulting relative
permeability curves.

The drawback of the previous three calculation
methods is that, since classical behavior is assumed
in the method derivations (i.e. no capillary pressure,
no end effects, perfectly dispersed flow with no
heterogeneities), the accuracy of the obtained relative
permeabilities can, in many instances, be questionable.

The implicit history matching technique, first
proposed by Archer and Wong** is an offshoot of the
large advances recently made in reservoir simulation.
The basis of the method is that, instead of using
known relative permeability relationships in the
solution of the partial differential equations which
describe muiti-phase flow in porous media to predict
the pressure and production history, the pressure and
production history is utilized to predict the relative
permeability curves for a given system.

The method begins by assuming certain
functional relationships in the simulator for the
wetting and non-wetting phase relative permeabilities
and the capillary pressure functions. Initial estimates
for adjustable parameters in these equations result in
a certain production and pressure history being
predicted. This production and pressure history is
then compared to the input experimental lab data and
the least-square error computed. Correction
algorithms adjust the parameters in the functional
relationships and the process continues to iterate in
this fashion until the minimum least-square error is
obtained. The resulting relative permeability curves
obtained provide the best fit (within the limits set by
the form of the functional relationships utilized) to
the experimental data.



Since the numerical model can incorporate
both gravity and capillary pressure effects, these can
be incorporated directly into the simulation thus
allowing the end effect to actually be simulated as a
portion of the experiment. This facilitates running
tests at low advance rates to eliminate stability
problems. The method also provides a complete
history match over the entire range of the saturation
change, regardless of the fractional flow
characteristics of the displacement, giving it specific
application to heterogeneous and strongly wetted
systems.

The first published applications of the method
were presented by Sigmund and McCaffery.”” They
utilized relatively simple exponential formulations to
define the functional form for the relative
permeability curves as follows:
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where:
ke = Predicted wetting phase relative
permeability
ke = Predicted non-wetting phase
relative permeability
ko = Wetting phase endpoint relative
permeability
kwo = Non-wetting phase endpoint
relative permeability
€y = Wetting phase adjustable shape
exponent
€, = Non-wetting phase adjustable
shape exponent
AB = Linearization constants (0.01 in

Sigmunds work)

Se = Normalized . wetting phase
saturation

Sw = Wetting phase saturation

SWoiw = Minimum  wetting phase
saturation

SWo = Maximum wetting phase
saturation

Capillary pressure effects were expressed by:

1
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P, = Capillary pressure
P, = Measure of interfacial tension
and mean pore size
A = Pore size distribution parameter
S = Normalized capillary pressure
saturation value
Sw, = Irreducible  wetting  phase

saturation from a drainage
capillary pressure test. (Always
must be less the Sw ).

Sw, = Maximum value of wetting
phase saturation corresponding
to zero capillary pressure.

The numerical model utilized to match the data
incorporated the one-dimensional Buckley-Leverett,
incompressible, two phase flow equations;
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where:
k = Absolute permeability
PBoolly = Viscosities of wetting and non-

wetting phases

k, = Relative permeability of wetting
phase

k,, = Relative permeability of non-
wetting phase

P, = Pressures in the wetting phase

P. = Pressures in the non-wetting
phase

¢ = Porosity

S, = Wetting phase fraction

dw = Source terms for wetting phase

Gew = Source terms for non-wetting
phase

P, = Capillary pressure

d, = Space co-ordinate

a = Time co-ordinate

~

The model utilized by Sigumund et al utilized
one-point upstream transmissibility weighting with
linearized implicit transmissibilities (utilizing a secant
method to estimate the derivatives) and a modified
Newtons method to handle capillary pressure induced
non linearities. A 40 gridblock one dimensional
model was utilized.

The optimum relative permeability parameters
were calculated using a least squares Gauss-Newton
optimization routine. The error equation for the iy
observation in this routine can be written as:

Error = APpge? + AEggc !
(14)
where:
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where:

W, = Weighting factor

P, = Pressure data

E = Recovery data

obs = Measured data

cale = Calculated data

obc = Objective function

For a given set of "m" observations (data
points) the algorithm attempts to find the values of
€, and €, which will minimize the error function:
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subject to the given constraints;
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Details of the specific application of the
Gauss-Newton correction algorithm can be found in
the appendix of Sigmund et al.*’

Batycky et al** and MacMillan* also utilized
this technique using similar functional forms.

One disadvantage of this particular form of the
history matching method is that the obtained relative
permeability curves can conform to only the
configurations possible under the constraints imposed
by the given functional form. The exponential forms
discussed previously are usually quite adequate for
most systems, but cannot adequately model unusual
relative permeability configurations, such as those
obtained for dual porosity or very heterogeneous
systems. Figure 4 provides an illustration of the
various types of relative permeability curve
configurations which can be obtained using different
values of €, and €, in the exponential formulation
model.

The history matching technique, however, is



not limited to the use of any one specific functional
relationship. Research by Kerig er al’*" indicated
that free and clamped cubic spline formulations could
provide superior fits to almost all types of relative
permeability curves.

Kerig et al utilized a cubic spline functional
form to represent the relative permeability curves
defined by:

3 2
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Where:

J = number of total spline segments
S, = Value of S, at knot J

a, = spline coefficient

b = spline coefficient

i . .
c, = spline coefficient
d = spline coefficient

Cubic splines are highly flexible functions
which can, with a sufficient number of spline
segments, represent any continuous function as
accurately as desired®. Figure 5 illustrates the
flexibility of cubic splines in modeling relative
permeability curves of a nonuniform nature which
cannot be well described by simple exponential
formulations. Examples of such system would
include very heterogeneous reservoirs or systems
characterized by multiple porosity types.

Kerig et al’” discussed sources of error in the
relative permeability estimation technique via
automatic history matching. They defined two
possible sources of error:

1. Modeling Error - Results of inadequacy of the
mathematical model of the displacement
experiment in the exact representation of the
experiment (ie. effect of capillary pressure,
heterogeneity or non-uniform initial
saturation).

2. Estimation Error
a) Bias Error - Inability of the functional
forms to represent the true, though
unknown, relative permeability curves.

b) Variance Error - errors associated with
statistical uncertainty of the data
utilized (i.e. experimental error) and the
number of parameters utilized in the
functional form of the relative
permeability curves. (Increasing the
number of parameters in the functional
form generally increases the variance
error while reducing the bias error.)

The use of cubic spline formulations over
simple exponential formulations can greatly reduce
bias error while causing relatively small increases in
variance error as illustrated in Figure 6.

Kerig et al’® did additional work in this area
and determined specific algorithms for the
optimization of the many parameters required when
cubic splines are utilized as functional forms in the
relative permeability relations.  The algorithms
utilized incorporated inequality constraints to ensure
that physically realistic relative permeability curves
were maintained throughout the optimization process.
The constraints utilized were such to ensure that the
relative permeability curves obtained remained convex
downward, remained monotonic, and had zero relative
permeability at S, = 0. The optimization program
utilized in this work was a Gauss-Newton method
with a Marquart modification***'. A detailed
discussion of the model and operational constraints
utilized can be found in Reference 39.

Watson et al*? further extended this work to

include the use of B Splines®® as functional forms for
the relative permeability curves using:

N,
ki (S) =Y Cr B (S) i=wnw
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(19)

N, = Dimensions of the Spline
o Parameters to be determined

The use of B Splines has an advantage over
the use of Cubic Splines in that B Splines are not
"piecewise" type polynomial approximations (ie. each
spline segment is valid only over a certain saturation
interval). B Splines retain a set of independent
coefficients over the entire saturation range of interest
making them easier to use while still retaining the



flexible nature of cubic splines. The algorithms
utilized and operational constraints employed during
the optimization process are discussed in detail by
Watson et al.** Figure 7 illustrates the superior nature
of spline estimated relative permeability data over that
predicted by simple exponential models.

Richmond ez al*® further extended the work of
Watson et al*? to include simultaneous optimization of
capillary pressure data along with the prediction of
relative permeabilities from displacement experiments.
The functional form for the capillary pressure was
also defined by B Splines as:

N
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Richmond et al* utilized a Levenberg-
Marquart Algorithm with linear inequality constraints
in their optimization process. They also investigated
the problem of convergence on multiple distinct local
minima by variation of their initial optimization
initialization point and covariance analysis of the
Hessian matrix obtained from the solution of the data.
Also proposed was a new procedure for the automatic
selection of the optimum number and location of the
spline knots to obtain the maximum accuracy in
estimation with the minimum number of spline
segments and resulting optimizations.

The work of Richmond et a/ utilized pure
parameter adjustment for the history matching of the
capillary pressure functions to optimize the error
between the experimentally observed pressure and
production history and the simulator predicted data.
Recent research at Hycal has been involved in the
actual measurement of in-situ capillary pressures
during a dynamic displacement test through the use of
pressure transducers equipped with special wetted
membranes to sense specific individual phase
pressures and the resulting capillary pressure.

The measurement of actual dynamic capillary
pressure data allows the further extension of the
history matching technique to the direct history
matching of the capillary pressure curve allowing for
the direct prediction of both reservoir condition
relative permeabilities and capillary pressures
accurately and inexpensively from a single test.

Further testing and experimentation is still under way
to continue to improve and refine this latest addition
to the history matching method.

Simple Correction Techniques for Endpoint
Relative Permeability Values

All of the history matching models previously
discussed require that the user input both the wetting
and non wetting phase endpoint relative permeability
values.  Relative permeability endpoint values,
determined utilizing a standard unsteady state
displacement technique, may often result in the
measurement  of endpoint values which are
substantially lower than actual values measured from
steady state tests.  Figure 8% illustrates this
phenomena for displacement tests conducted at the
same rate utilizing both a Penn-State type steady state
approach vs the standard unsteady-state test
methodology.

The major cause of this type of phenomena is
attributed to capillary effects. An excellent discussion
of capillary and rate effects can be found in the work
of Batycky*!, Osaba®, and Rapoport and Leas.*

Capillary pressure is simply defined as:

PC - P”lW _PW
@1
where:
P, = Capillary pressure (kPa/psi)
P,, = Non-wetting phase pressure (kPa/psi)
P, = Wetting phase pressure (kPa/psi)

When a single fluid is flowing in the porous
media in the presence of other immobile residual
immiscible fluid phases (i.e. the flow of water at a
residual oil saturation), a certain portion of the
applied force to move the fluid through the system is
requited to overcome the capillary forces which exist
within the sample. Generally, the larger the capillary
forces which exist within a sample, the larger the
influence on the endpoint relative permeability data.

Typically in the past relative permeability tests
were conducted at high rates which resulted in a
relatively large pressure differential across the core
sample which, in general was much larger than the



capillary pressure force and thus tended to minimize
its overall effect on the measured endpoint relative
permeability value. Figure 9* provides an illustrative
example of this phenomena.

The use of high rates in conducting unsteady
state relative permeability tests has associated
problems, these being:

1. The potential for fines migration.

2. Unstable flow effects due to viscous
instability.”

3. Erroneous pressure data due to non-Darcy flow

caused by turbulent interstitial flow.

4. Experimental data acquisition difficulties
resulting from a very short test time.

Recent work has illustrated that a simple
correction technique can be accurately applied to
correct for the effect of capillary effects on endpoint
relative permeabilities while avoiding many of the
aforementioned difficulties. The technique is applied
as follows:

l. Conduct a regular, low rate unsteady state
displacement test, measure the resulting
endpoint relative permeability and residual
fluid saturations.

2. Use the computer history matching routine
togenerate the complete relative permeability
curves.

3. Conduct geometric rate increases of the

displacing phase at 2 to 3 higher displacement
velocities. Example, if the base displacement
test was conducted at a rate of 10 mL/hr,
conduct additional endpoint tests at 20, 40 and
80 mL/hr. The technique does not require the
use of excessively high injection rates and
these should be avoided to reduce the potential
for fines mobilization or unstable flow.

4, Record any additional production of the
residual immobile phase caused by the increase
in interstitial fluid shear force.

The profile of the experimental results can
have three configurations as illustrated in Figure 10,
these being;:

CASE I - Endpoint permeability remains
constant with rate illustrating perfect
conformance to Darcies Law indicating an
absence of capillary effects. This indicates
that no correction of the endpoint relative
permeability data is required and that capillary
effects are negligible.

CASE 2 - Endpoint permeability increases with
increasing injection rate. This indicates the
presence of capillary forces, a reduction in the
residual immobile phase saturation, or a
combination of both phenomena. The
endpoint correction technique, to be discussed
shortly, should be applied here.

CASE 3 - Endpoint permeability decreases or
initially increases then decreases with
increasing injection rate. This indicates either
damage by fines mobilization or turbulent flow
phenomena. These two phenomena can be
easily differentiated by reducing to the base
rate and observing if the permeability returns
to the originally recorded value. In the case of
fines migration the endpoint correction
technique, in general, can still be applied if
sufficient points (3 minimum) are available
prior to the reduction in permeability. If
turbulent flow occurs, lower rates should be
selected to allow evaluation in the laminar
flow regime.

The correction technique is applied by fitting
the non linear model:

22
where:
k, = measured endpoint permeability
at flow rate "i" (mD or um?)
q, = flow rate at point "i" (cc/hr,
cc/sec)
ay, Gy = adjustable constants

to the experimentally determined data. In this work
a non-linear finite difference Levenberg-Marquardt
optimization routine’*”* was used to optimize the
values of the constants a and a, to yield the
minimum least square error between the experimental
and predicted data.



By definition, as the flowrate, q, approaches
infinity, the pressure across the sample also becomes
infinitely larger than any contribution associated with
capillary effects. Thus,

limit “a,q,
q,—>> al(l_e 2 l) =ay

(23)

Thus the value of the constant a, provides the
simple final approximation to the final corrected
permeability value. Examples of the application of
this technique for both water oil and gas-oil
displacement tests appear as Tables 1 and 2 and
Figures 11 and 12. The resulting relative
permeability data is simply renormalized at this point
to the higher endpoint relative permeability value.

If the residual immobile phase saturation is
reduced by the elevated rate displacements, as may
sometimes occur due to the increase in capillary
number associated with the higher displacement
velocity. This is accommodated by (See Figure 13):

1. Determine "new" final residual saturation.

2. Using the previously derived and matched
functional form for the relative permeability

curve, extrapolate the existing relative
permeability curve to the "new" residual
saturation.

3. Normalize the new set of relative permeability
data up to the final corrected endpoint relative
permeability.

Use of this technique eliminates the use of
high displacement rates during the actual two phase
immiscible displacement test which obviates the
potential for viscous instability effects. Since the
method works upon an extrapolative technique, this
also eliminates the need for extreme flow velocities to
facilitate the endpoint correction, and thus has specific
application to velocity sensitive core materials.

Conclusions

Recent advances in unsteady state displacement
technology have allowed the data from these
relatively simple and inexpensive tests to have much
wider application and improved accuracy when
correlated with the data from more expensive and
time consuming steady state tests. Advances have

10

been made in automatic history matching, particularly
with the advent of more sophisticated cubic spline and
B spline functional forms for the relative permeability
and capillary pressure relations. Recent work also
indicates the possibility of the prediction of accurate
reservoir condition capillary pressures simultaneously
during unsteady state displacement tests. Simple
procedures for the correction of endpoint relative
permeability data by the use of parameter estimation
techniques to match the results of multirate flow tests
were documented and illustrative examples of the
technique presented.
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TABLE 1

CORE AND FLUID PARAMETERS

FOR ENDPOINT CORRECTION TESTS

Core "A" Core "B"
Length (cm) 5.45 4.85
Diameter (cm) 3.80 3.80
Porosity (%) 21.0 17.2
Water Viscosity (cP) 0.581 0.581
Live Oil Viscosity (cP) 3.78 3.78
Gas Viscosity (cP) 0.0124 0.0124
TABLE 2
ENDPOINT CORRECTION TEST DATA
CORE "A"
Endpoint Endpoint
Injection Rate Permeability Injection Rate Permeability
(mL/hr) To Water (mL/hr) To Gas
(mD) (mD)
10 1.85 20 0.825
20 237 50 2.79
50 4.07 100 3.56
100 6.82 200 4.69
200 10.98 500 7.69
Extrapolated Endpoint 14.50 792
Permeability
CORE "B"
Endpoint Endpoint
Injection Rate Permeability Injection Rate Permeability
(mL/hr) To Water (mL/hr) To Gas
(mD) (mD)
5 2.55 10 3.61
20 4.43 20 7.10
40 6.62 50 9.35
80 9.59 100 9.90
200 13.17
Extrapolated Endpoint 13.27 10.03
Permeability
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FIGURE 1
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Pressure Transducer

1 7
_L'_]

Filter !

L > CORE
—ll—>< H
Filter !

Semi-Permeable
Pressure

= 0

To Annulus
Pump

Core Holder

H20

Digital Pressure
g =
| =H

Positive Displacement
Pumps

FIGURE 2

Back

3 Phase
Separator

Pressure
Regulator

.
Re

BPR
Pressure
Source

Wet Test
Meter

UNSTEADY-STATE RELATIVE PERMEABILITY APPARATUS

To Vacuum

LOVEN . N

Pressure Transducer

[A

L)

©

Back

Pressure

e

]

Semi-Permeable | Core Holder
Pressure
Taps

-

To Annulus Pump

{

Iil Positive Displacement Pump

Digital Pressure Gauge

O

Regulator

[—I-‘

Wet Test Meter

3 Phase Separator

BPR
Pressure
Source



0G=Mug 0'G=mM3 0'€=MU3 0°€ =M

MUY MY musy M
0Z=Mug QzZ=m3 0l =mug 0l =m3
MU V)Y MUY MY

uoloRI] uoneIn}es aseyd Bumsp pezijewioN
o'l 80 90 ¥ o <0

00
00

0l

SWJ0O4 NOILONNA

TVILNINOJX3 ONISN SNOILVHNOIANOD IAAND
AlLLTI9VIN™Ad JAILYTIY SNOIYVA 40 NOSIHIVANOD

¥ 3dNOId

Ajjiqeswiad aneley

aseyd aseld
Bumeppn Bumepp-uoN

uonoel4 uonein}es aseyd bumsp pezifewloN

0l 80 90 0 Z0 00
\
\ L
\
\
/
\
\
_/_. |
,/__-
AOHL13IN Nar
AlLT19V3IWEAd JAILYT3YE NOLLIgGIgNI
¢ 3HN9I4

00

Ay

¥0

90

80

0l

Ayjgeauniad sane|sy



(L€ 1o¥) |e 18 Busy woi-

uoneinies J91ep uoneinies aseyd Bumspa
90 S0 ¥0 €0  TO 10 0l 80 90 70 20 00
—_— 00 ; - — : _ : : 00
40 e
1¢0 / A
4 ) "8 3
7 N 1vo = .
N\ ] < 10 =
s\ B ge)
/// -1 90 w w
%\ | % 490 @
......... 1 AY N i m | m
ajewnsy /, ] 80 < <
legusuodx3 S\ 60 180
— N o
anINg -1 071 U4
ol L'l Y oL

ONIHOLVIN AYMOLSIH J1LVWOLNV
NI S3ILITIGVIWYId JAILYTIY HO4 SWHOA SIWHO4 TVNOILONNA 3NITdS
TVYNOILONNA TVILNINOdX3 40 3SN FHL HLIM 219ND ONISN @3 LVHIANTD SNOILVHNOIANOD

A3ILVIDISSY HOHY3 Svig 40 NOLLVAELSNTI IAHND ALITIGVIWET JAILVYITY 40 STTdNVXE
9 3HNOId G IHNOId



(¥ Jo) yisse woi4

pin|4 Buroe|dsiq jo uoneinjes
90 y0 0

00

| | /

10070

2000

G000

0L0°0

0200

d
\ \ ~ 1/

0500

Lol

0010

0020

0050

- -1
deD pu3 noynpm  ded puz yIM
(uww) gz =b (uw/w) gz =b

[enoy

103443 AN3 AUV TIIdVO

-

000’}

(zv 194) |e 18 uosiepp wold
uolnelnies Jajep

0 80 90 ¥'0 0 00
I s T _ T 00
n\_\\ ..// ,
\,.\ / .,.. 1 20
/ /.,
3 / 2
L \ o
) \ >
N- | —
S ¥'0 %
3 J
= | -
D _— i 190 @
Q il
o slewisy __.* g
,m MET-IaMOd | ,M..
ojewnsy 4 &0
aulds
aAIND aNni| o'l

AOHL3N DNIHOLVIN AHOLSIH

JILVINOLNY FHL A8 SIAUND ALINIEVINYId

JALLV13Y
3ANITdS

ONILVOAN NI NOILDO3S 1371N0 NV 40 103443

8 3dNOId

ONILVYINTO 404 SWHO4 TVNOILONNA
ANV TVILNINOdX3 40 NOSIHIVdNOD

L 3dNOId



(yi J0¥) Iisse woud

pinj4 Buioedsiq jo uoneinjes
(4y/qw) syey uonoslul

8'0 90 v0 Z0 00
: ; , ] - 100°0
,ﬂ | \_\ Z00°0
_ / "
= Iz .
) | m = lm\.,l G000 W
||||||||||||||| o Z = e 0L00
....... ey 3 mﬁ g =
~ ™ L n D
= 13 " vl 0200
. - @ W . w_\ o
Qe T 3 WAL ol I =
o @ N 0500
e — m!v xwfﬂg m
JBE, = N 000 o
asen i \..A) 3 7 w
......... 3 e 0020 <
wCu /ﬂ\ m i AT, ; _
wm\MO — _ % FW%F _ 00S°0
b . & _ s e, —
ase) | . : —= 000°}
e -1 G- e
(Uww) gz =b (Uww) o) = b (Uw/Jw) 6Z' = b ey
NOILDO3THHOD
INIOdAN3T ¥0O4 S1S31 INJWN3IDV1dSIa 1V
a3ailvAaI1a NOY4 S31Id0¥d ALIIgvand3d 40 S103d443

SNOILLVYNSOIANOD TVILNILOd 40 NOILVHLSNTIl AN A¥VTIIdVO ONILVYO3N NI 31vY 40 103443
0l FdNOId 6 3¥NOI4



(Jy/qw) syey uoposlu|
0S¢

ol

002 0GlL 00! 0S 0
(5 W 0, —
IE| 4 eleC gled

__m_. m.hoo =<= mLOO :m: m.hoo =<= mhoo

S1S31 T1l0-SvO
v1lva 1S3L NOILD3HHOD INIOdANd
¢l 3"NOId

Gl

0¢

T4

(Quw) Ayngeswsd juiodpu3

0G¢

(Ju/qw) syey uonoaly|

002 0§l 001 0S 0

T T ! | I ! \.;
P

- 0¢

- G2

- O D
14 14 eled eled

:m: mhoo =<= wLOO :m: m.hoo :<= m.hoo

S.1S3l1 110-¥3LVM
v1va 1831 NOILOIHHOO LNIOdANS
Ll ANOId

(Qui) Js3epn 03 Ajjigeswaad julodpul



¢

wiodpu3 pajejodelixg
aseyd builiep
|®|

po1osLI0)
aseyd bupem-uoN
R
poloallo)
aseyd bumepn
pe1o91Iooun

aseyd Bumem-uoN

—

Pa1021I0ouN
aseyd bumepa

0l

uoneinies aseud Bumap

80 70 0

00
00

0l

NOILYHEN1VS TvNaAdis3y

Ayjigeswisd anleley

INIOdAN3 NI 3ONVHO V 40 3SVO 3HL ¥04 AOHLIN
NOILOTYHOD LNIOdANT 40 NOILVIITddY 40 TTdNVX3

€l NOId



