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ABSTRACT

Accurate drainage and imbibition relative
permeability data are essential for the accurate
prediction of the performance of heavy oil reservoirs
undergoling cyclic steam stimulation or steam drives.
There is very little published data regarding steady
state relative permeability measurements at elevated
temperatures. This paper documents two complete
water-bitumen steady state drainage and imbibition
tests conducted at a temperature of 200°C at full
reservolr pressure and overburden conditions
utilizing composite core stacks of actual, preserved
reservolr core materlal. The test results indicate
substantial hysteresis effects in the non-wetting
{bitumen) phase and provide insight into the
wettability, displacement efficiency, residual
saturations and endpoint permeabilities and relative
permeabilities for an unconsolidated heavy oil
sandstone reservoir.

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 generation of two complete sets
of high temperature drainage and hysteresis relative
permeability data.

FACTORS AFFECTING RELATIVE PERMEABILITY

Relative permeability can be affected by ma ny
physical parameters inciudlng fluid saturations?

physical rock properties’” , Wettability, ¥ saturation
history (hysteresis effects 3 2 overburden stress, ™
clay and fines content temperature,”'® interfacial

tension,? viscosity”® magnitude of initial ;p

saturations,”* immobile or trapped phases?'

displacement rates and capillary outlet phenomena 3’
. Adetailed discussion of the many factors affecting
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designed for steady state displacements it was
important to have both inlet and outlet sections of
core on either side of the desired test section to
absorb capillary effects and to ensure uniformly
dispersed fluid flow into and out of the test section.
This was accomplished utilizing internal pressure
taps so that the pressure differentlal across the
central test section, exclusive of the inlet and outlet
sections, could be measured. The pressure tap line
is run concentrically down the central bore of the
injection line. This facilitates only having a single
ported large bore tap for both the Injection or
production of fluid as well as for the measurement of
pressure.

Stainless steel (316) sealing heads and nuts
confine and seal the encasing lead sleeve preventing
the influx of external annular core pressure into the
core stack. The core material is retained through the
use of speclally fused sintered 300 mesh glass
retaining disks which were specially manufactured for
this project. The sintered glass retaining disks are
placed at the injection and production ends of the
core. These disks are In place to prevent the
relatively plastic core material from being extruded
from the core holder upon application of the annular
overburden pressure but coarse enough to allow
production of a wide size distribution of fines from
the core materlal without plugging and blockage
occurring.  The disks also ensure smooth, well
dispersed injection and production of fluids from the
core. This mounting arrangement eliminates the
need for gravel packs and faclilitates mounting the
cores with a minimum amount of core disturbance.
The core pack is compressed hydraulically once
mounted to eliminate capillary discontinuities
between the individual plugs in the stack. The
ductility of the sleeve material facilitates the
application of a confining overburden pressure
directly to the core material by pressurizing the
annular space In the pressure vessel. The injection
and production ends of the core heads are equipped
with radial distribution plates to ensure that no areas
of localized high velocity occur when injecting or
producing flulds.

The pressure vessel is equipped with two
separate internal heating systems controlied by ERD
digital temperature controllers which are capable of
elevating core temperature to 340°C. The pressure
vessel is rated for 20.7 MPa at 340°C. The pressure
jacket is equipped with an external electrically heat
traced insulating jacket to minimize external heat
losses at elevated temperature.

Pressure differential across the entire core is
monitored through the use of two model DP15

Validyne pressure transducers. The transducers are
connected in a manifold type arrangement, one
having a range of 0 - 140 kPa while the second has a
range of 0 - 1400 kPa. This arrangement facllitates
the accurate measurement of both high and low
pressure differentials which may occur over the
course of a series of displacerment tests. Both the low
and high pressure transducers can be isolated should
the pressure differentials in the system exceed their
rated value. The transducer system is insulated and
electrically heat traced (85°C) to ensure smooth
transmission of pressure through the tubing to the
transducers when heavy oll is present in the system.
Visual gauges are also connected to the injection and
production system from which the operator can take
readings as a backup for the pressure transducer
system. The transducers output to a digital display
terminal from which the operator can obtain the
instantaneous pressure differential. The transducers
are calibrated prior to each run at run pressure using
a set of highly accurate dead weight testers.

Another set of transducers identical to those
described previously is located to measure the
pressure differential across the center test section of
the core under steady state flow.

Both oil and brine are displaced through the
sample using a pair of highly accurate digitally
controlled, variable speed, synchronous control
positive displacement pumps. The pumps can inject
at a range of speeds from 0.5 to 2000 cc/hr {0.008 to
33.33 cc/min) at pressures of up to 70 MPa with a
0.01 cc accuracy. The positive displacement type
action of the pumps ‘provides a very smooth and
steady displacement minimizing velocity and pressure
shocks to the core matrix.

injection fluids are stored in 3.8 litre high pressure
316 SS storage cylinders. The system Is designed so
that either gas, brine or ol can be Injected into the
core material. Due to the high ol viscosity and the
tendency of heavy oils to form emulsions with water
or mercury when they are used as displacing flulds a
high presstre 1000 cc 316 8S transfer piston is used
to displace oil into the core. The transfer piston is
heat jacketed and the injection line to the core heat
traced to allow smooth flow of the heavy oil to the
core sample. All oil is ultracentrifuged prior to use to
remove any solids of water which can affect test
pressure response.

Due to potential problems with sand production
from unconsdlidated samples a set of dual high
pressure collection pistons is utlized on the
production end of the core to collect the produced
efffluent. The pistons, transfer lines and production
tubing are insulated and heat traced to allow smooth
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temperature while under overburden pressure
to allow uniform overburden pressure
application.

Prepare system for run, activate heat tracing
on all lines {approx. 85°C), injection pistons,
production pistons. Heat core sample to
mobilizationtemperature (approximately 8¢° C).
Commence Injection of clean dead oil to
pressurize core to run operating pressure of
2000 kPa. Simultaneously Increase
overburden pressure to 6200 kPa, always
maintaining at net 4200 kPa overburden
pressure on the core material Set
backpressure regulator at 2000 kPa. Flood
dead oil through core and confirm stabilized
oOperation.

Slowly over an approximately 30 hour period,
heat core material to test operating
temperature of 200°C and maintain
temperature at 200°C and pressure at 2000
kPa with 6200 kPa backpressure for all
subsequent test steps. Continue to flow clean
dead oil through the core stack. Once run
temperature is achieved, determine
permeability to clean oil at the irreducible
water saturation.

Once initial stabilized oif permeability has been
obtained, commence steady state co-injection
phase #1 for the water saturation increasing
phase of the test. Effect co-injection by
switching to the Injection of 80% clean oil and
20% injection water. Continue this co-injection
process untii;

. Pressure differential across the test section

stabilizes.

. Samples of the effluent production indicate

that the produced total fiuid content Is
equivalent to the injected fluid ratios (i.e., 80%
oil, 20% water).

Once a stabilized condition has been obtained,
repeat step "6" but at a 60% oil, 40% water
co-injection ratio.

Once a stabilized condition has been obtained,
repeat step "6" but at a 40% oil, 60% water
co-injection ratio.

Once a stabilized condition has been obtained
repeat step "6" but at a 20% oil, 80% water
co-injection ratio.

Once a stabilized condition has been obtained
switch to 100% water injection. Flood to S,
note final stabilized permeability to water at the

11.

12.

13.

14,

15.

16.

17.

18.

19,

residual oil saturation,

Once the endpoint permeability to water at
200° C has been completed, the water saturation
increasing phase of the test has been
completed and the oil saturation Increasing
phase commences. Start the oil saturation
increasing phase by switching to 20% ofl - 80%
water and co-injecting these two fluids untll a
stabilized differential pressure is obtained and a
20% oil - 80% water effluent ratio is obtained.

Once a stabilized condition has been obtained,
repeat step "11" but at a 40% oil, 80% water
co-injection ratio,

Once a stabilized condition has been obtained,
repeat step "11" but at a 60% oil, 40% water
co-injection ratio.

Once a stabilized condition has been obtained,
repeat step "11" but at a 80% oil, 20% water
co-injection ratio.

Once a stabilized condition has been obtained,
switch to 100% clean oll injection and displace
clean ol until no further water production (free
or emulsified) Is apparent. Determine final

endpoint permeability to oil at the irreducible
water saturation,

{Note: No “recycled” fluids were utilized in any
phase of this test serles. All fluids injected were
either freshly cleaned oil {<1% BS&W) or clean
synthetic reconstituted produced water].

Cool core to ambient temperature over a 36
hour period. slowly depressurize core to
ambient pressure and bleed overburden
pressure slowly to amblent. Disrnantle
apparatus and remove mounted core from the
pressure vessel,

Freeze mounted core to facilitate dismounting.
Remove lead confining sleeve and remove core
“test sections” only for final extractive analysis.

Mount post test "test section" in thin lead sleeve
with 300 mesh retaining screens. Subject to
Dean Stark extraction to determine final residual
oil and water saturations on a post test basls,

Once these measurements have been
completed, measure Boyles Law porosity and
extracted core air permeability.

Subject companion non tested samples of
virgin core to saturation, porosity and
permeability determination for comparative
analysis to obtain pre-test values.




CONCLUSIONS

1.

The use of preserved state core, reservoir fluids
and the desired representative elevated
temperature Is necessary in order to obtain
relative permeability data for elevated temperature
pressures.

The configuration of the water-oil relative
permeability curves, low endpoint permeability to
water, high residual oll saturation and trapping
phenomena resulting in a higher irreducible water
saturation after testing would suggest water wet
behavior at 200°C for both core tests.

Residual oil saturations ranged between 30 and
35% aiter waterflooding at 200°C indicating
recoveries of approximately 65% of the oil in
place by hot wateflooding. Steamflooding at
200°C, or at higher temperatures will likely result
In a substantial additional reduction in residual oil
saturation.

Substantial physical hysteresis was observed in
the non-wetting {(oil) phase in both tests. Much
less hysteresis was observed In the water phase.
individual phase relative permeabilities were
greater when thelr saturation was increasing than
when decreasing.

At the temperature level tested (200°C) and the
time duration studies (4-5 months/core) no
significant  evidence of thermally induced
formation damage was apparent. Higher
temperatures, longer exposure times and actual
steamfiood may result in a greater propensity for
damage.

The in-situy formation of stable emulsions was
observed in both tests.

The steady state methodology utilized generated
consistent relative permeability results with good
reproducibility between individual test runs.
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TABLE 3

HIGH TEMPERATURE STEADY STATE

RELATIVE PERMEABILITY STUDY

TESTS #1 AND 2 - CORE AND RUN PARAMETERS

Test #1 Test #2
tength {cm) 324 345
Diameter {cm) 3.81 3.81
Effective Flow Area (o) 11.40 11.40
Porosity (%) 38.0 39.1
Bulk Volume {cnf) 3690.36 393.3
Pore Volume {cm?) 140.36 140.35
Water Viscosity at 200° C (mPa.s) 0.134 0.134
Qil Viscosity at 200 C (mPa.s) 7.8 7.8
Test Temperature £C) 200 200
Backpressure (kPag) 2000 2000
QOverburden Pressure {kPag) 6200 6200
Initial Permeability to Oif (r) x 16° 1544.6 1491.94
. (mD 1565.0 1511.60
Air Permeability (umy¥ x 107 2500.0 2701.1
{mD) 2533.0 2736.6
TABLE 4
HIGH TEMPERATURE STEADY STATE
RELATIVE PERMEABIUTY STUDY
TEST #1 - WATER SATURATION INCREASING TEST RESULTS
Saturations Permeability to Oil Permeability to Water
Kro Krw
% S ey x 16° (mD) pmf x 10° (mb)
0.942 0.058 1544.6 1565.0 0.00 0.00 0.8000* 0.0000
0.911 0.089 1191.9 1207.6 1.71 1.73 0.6173 0.0009
0.819 0.181 330.7 335.1 3.65 3.70 01713 0.0019
0.758 0.241 221.9 224.9 5.62 5.59 0.1150 0.0029
0.695 0.305 120.3 i21.9 7.98 8.08 0.0623 0.0041
0.311 0.689 0.00 0.00 120.62 122.21 0.0000 0.0625
" K, estimated o be 1930.80 x 10° mf [1956.3 mD] using the assumption that
k, = 0.80 k.
TABLE 5
HIGH TEMPERATURE STEADY STATE
RELATIVE PERMEABILITY STUDY
TEST #1 - WATER SATURATION DECREASING TEST RESULTS
Saturations Permeabitity to Oil Permeability to Water
Kro Krw
% S $rmy x 10° (D} fimp x 10° (mD}
0.311 0.689 0.00 0.0G 120.62 122.21 0.0000 0.0625
0.591 0.409 232.3 235.4 15.38 15.58 0.1203 0.0079
0.667 0.333 340.8 345.3 8.87 10.00 0.1765 0.0050
0.722 0.278 477.1 483.4 5.26 533 0.2471 0.0027
0,794 0.206 755.8 765.8 3.31 3.35 0.3915 0.0017
0.861 0.139 1299.2 1316.3 0.00 0.00 0.6729 0.0000
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