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PREFACE

An Agreement between the Department of Energy of the United States
of America and the Ministry of Energy and Mines of the Republic of
Venezuela to cooperate in energy research and development was
signed March 6, 1980. This Agreement supported the Agreement for
Scientific and Technological Copperation between the two countries
which was signed on January 11, 1980. The general agreement was
supplemented by six annexes to describe specifically the work to be
done. Additional annexes have been signed, resulting in a total of
ten annexes as of January 1, 1987. They are:

I. Joint Characterization of Heavy Crude Oils
IT. Supporting Research at Universities, Government
Energy Technology Centers, and Government
Laboratories
III. Evaluate Past and On-Going Enhanced Oil Recovery

Projects in the United States and Venezuela
Iv. Enhanced 0il Recovery Thermal Processes
V. 0il Drilling, Coring, and Telemetry
VI. Residual 0il Saturation
VII. Petroleum Products Utilization and Evaluation
VIII. Coal Combustion Studies
IX. Subsidence Due to Extraction of Fluids
X. Training for Venezuelan Engineers
Each of these annexes has a document describing the work to be done
as part of the cooperation. Amendments and Extensions to the

Annexes are provided for in the Agreement.

Currently, Annexes I, IX, III, IV, VIII, IX, X are active. Annexes
Vv, VI, and VII have been completed.
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ABSTRACT

This report contains the results of efforts under the seven tasks
of the Third amendment and Extension of Annex IV, Enhanced 0il
Recovery Thermal Processes of the Venezuela/USA Agreement. The
report is presented in sections (for each of the 7 tasks) and each
section contains one or more reports prepared by various
individuals or groups describing the results of efforts under each
of the tasks.

A statement of each task, taken from the agreement, is presented on
the first page of each section. The tasks are numbered 25 through
31. The first, second, and third reports on Annex IV,

[ (Venezuela-MEM/USA-DOE Fossil Energy Report IV-1, IV-2, and IV-3
(DOE/BETC/SP-83/15, DOE/BC-84/6/SP, and DOE/BC-86/2/SP)] contain
the results from the first 24 tasks. Those reports are dated April
1983, August 1984, and March 1986.
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APPENDIX A

Full test of the "Third Amendment and Extension of Implementing

Agreement IV Between the Department of Energy of the United States
of America and the Ministry of Energy and Mines of the Republic of
Venezuela in the Area of Enhanced 0il Recovery Thermal Processes."



THIRD AMENDMENT AND EXTENSION
OF THE
IMPLEMENTING AGREEMENT
BETWEEN
THE DEPARTMENT OF ENERGY OF THE UNITED STATES OF AMERICA
AND
THE MINISTRY OF ENERGY AND MINES OF THE REPUBLIC OF VENEZUELA
IN THE AREA OF
ENHANCED OIL RECOVERY THERMAL PROCESSES

WHEREAS, the United States Department of Energy (DOE) and the Ministry
of Energy and Mines of Venezuela (MEMV) did on the 29th day of September 1980,
enter into an Implementing Agreement for cooperation in the area of Enhanced
011 Recovery Thermal Processes (hereinafter referred to as the Implementing

Agreement);

WHEREAS, DOE and MEMV have previously agreed to the First and Second

Amendments and Extensions to the Implementing Agreement;

WHEREAS, DOE and MEMV have discharged their principal obligations and
duties under the Implementing Agreement and the First and Second Amendments

and Extensions to their mutual satisfaction and benefit;

WHEREAS, DOE and MEMV now desire to further extend ongoing cooperative
efforts and further desire to initiate and pursue new and additional cooperative

activitiesy

WHEREAS, the need exists to increase the recovery efficiency of steam
injection methods for the recovery of heavy crude oil, and the use of

additives is an attractive method of potentially increasing recovery efficiency;

WHEREAS, DOE and MEMV desire to cooperate in the application of additives

to injection steam for the recovery of heavy oil crude;



WHEREAS, DOE and MEMV desire to further pursue cooperative efforts on the

development of thermal front tracking methods, 1T 1S AGREED AS FOLLOWS:
ARTICLE 1

In accordance with Article 7 of the Implementing Agreement, and in
accordance with Article V of the Energy Research and Development Agreement of

March 6, 1980, DOE and MEMV hereby further amend and extend the Implementing’

Agreement as hereinafter provided.

ARTICLE 2

Article 1 of the Implementing Agreement and all other articles and
provisions not herein amended are extended as written. The identification of
Parties in Article 1 of the Implementing Agreement shall be used throughout

this Amendment and Extension Agreement.

ARTICLE 3

Article 2 of the Implementing Agreement is amended by adding the following

Tasks 25 through 31.

A. Thermal Front Tracking

Task 25 - DOE shall provide INTEVEP with information from the project and
field tests conducted by the Lawrence Livermore National Laboratory
on the use of seismic and electromagnetic methods for cross bore-
hole probing to determine the location of steam zones and fronts

within a petroleum reservoir.



Task 26 - INTEVEP shall provide DOE with final information from its thermal

front tracking acoustic signal experiments in the M-6 field.

Task 27 - DOE shall provide INTEVEP with information from the project and

field tests conducted by Sandia Laboratories on the use of
Controlled Source AudioMagnetoTelluric (CSAMT) surveys to
determine the location of steam zones and fronts within a

petroleum reservoir.

B, Steam Additives

Task 28 -

Task 29 -

DOE shall provide INTEVEP with information from the foam diversion
research and steam additive computational model development con-—
ducted by the Stanford University Petroleum Research Institute.
The Project Managers will consult with one another on the foam
diversion research and computational modeling being conducted at
SUPRI and INTEVEP laboratories with a view to avoid duplication of

effort and enhancing the respective research efforts.

INTEVEP shall provide DOE with information from research and
screening tests performed by INTEVEP leading to a field test on
steam with additives in Venezuela. The Project Managers shall
consult with one another concerning screening tests and exchange
information on screening tests previously obtained to avoid

unnecessary duplication of research efforts,



C. Effects of Gases on Recovery

Task 30 - DOE shall provide INTEVEP with information from laboratory studies
conducted by Sandia on the injection of combustion gases with steam
as a8 thermal recovery method. The project will determine the pos-
sible effects of non-condensible gases, such as nitrogen, and

potentially soluble carbon dioxide on o0il recovery efficiency.

Task 31 - INTEVEP will provide DOE with information from laboratory studies
on the injection of carbon dioxide as a potential oil viscosity

reduction agent.

ARTICLE 4
The Implementing Agreement between DOE and INTEVEP shall hereafter consist
of the Implementing Agreement as amended by the First, Second, and Third

Amendments and Extensions.

ARTICLE 5
This Third Amendment and Extension shall become effective when signed by
the members of the Joint Steering Cormittee or their designated representatives.
The Implementing Agreement, as amended, shall remain in effect until
September 30, 1986, or until terminated by written notice as provided in

Article 8.
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Task 25 - DOE shall provide INTEVEP with information from the
project and field tests conducted by the Lawrence
Livermore National Laboratory on the use of seismic
and electromagnetic methods for cross borehole probing
to determine the location of steam zones and fronts
within a petroleum reservoir.

25-1



Remote Monitoring of the Steamflood
Enhanced 0il Recovery Process

E. F. Laine

Electronics Engineering Department
Lawrence Livermore National Laboratory
Livermore, CA 94550

March 6, 1986
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Remote monitoring of the steam-flood

enhanced oil recovery process

E. F. Laine
Electronics Engineering Department
Lawrence Livermore National Laboratory

Livermore, California 94550

ABSTRACT

Cross-borehole seismic velocity and high frequency electromagnetic
attenuation data were obtained to construct tomographic images of heavy oil
sands in a steam flood environment. First arrival seismic data were used to
construct a tomographic color image of a 10 meter by 8 meter vertical plane.
Two high frequency (17 and 15 megahertz) electromagnetic transmission
tomographs were constructed of a 20 by 8 meter vertical planes. The velocity
tomograph clearly shows a shale layer with o0il sands on both sides. The EM
tomographs show a more complex geology of 0il sands with shale inclusions.
The deepest EM tomograph shows the upper part of an active steam zone and
indicates steam channeling just below the shale layer. The results show
detailed structure of the entire plane between boreholes and may provide a

better means to understand the in-situ heavy o0il recovery steam flood process.
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INTRODUCT ION

Remote sensing based on cross-borehole seismic and high frequency
electromagnetic methods has recently received considerable attention.
Electromagnetic (EM) wave propagation using high frequencies was reported
(Lytle, et al., 1974) to image high explosive fracturing of coal seams. This
work led to high frequency electromagnetic sensing of the in-situ coal
gasification fire front and cavity growth (Davis, et al., 1979; Laine, et al.,
1982). The simpler methods for remote sensing from boreholes of the cavity
and fire front for in situ coal gasification led to the more sophisticated
tomographic imaging of the in situ retorting of 0il shale such as in the
vertical rubblized retort at Logan Wash, Colorado (Daily, et al., 1981) and at
Vernal, Utah (Daily, 1984). The evolution of geotomography as a method to
assist scientists in evaluating the dynamics of in situ fossil fuel processing
is being continuously refined and may soon be of commercial value to help
understand the complex in situ processes due to the extraction or conversion
of fossil fuels.

Two methods are discussed. The seismic tomograph and the high frequency
electromagnetic tomograph. Both methods are field experimental programs 1in
heavy 0il1 sands that are in the process of steam recovery of the oil. The oil
sands are shallow (245 meters) and the data were taken from wells dedicated to
the experimental program. The wells are spaced 7.6 meters apart since the
objective was to develop both seismic and EM tomographs without introducing

complications due to extreme ranges.
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The model used is shown in Fig. 1 where two vertical boreholes are shown
with all possible ray paths between the source and receiver. The procedure
used to reconstruct an image from the data is as shown in Fig. 2. The cells
are of the same dimensions as the data increments (i.e., 0.25 m, 0.5 m, or
1.0 meter). We can use either the attenuation or velocity between the source
and the receiver which is the sum of the differential attenuation or velocity
along any of the individual paths 1inking the source and receiver. Only three
paths are shown to illustrate the different combinations. Our model only has
four cells as shown 11, 12, 21 and 22. The attenuation/velocity in cell ij is
denoted as a... The length of the kth ray path through ij is shown as Dij'

1]
The attenuation or velocity is shown in path 1 to be

ATTEN]_/Ve]1 = Dyq0qq + Dyp0yp + Dyg0ny + Dootty,

To reconstruct our image we assume straight line ray-optic equations. These
may not hold strictly true for seismic velocity as for high frequency
electromagnetic waves. At the Texaco site our boreholes are placed close
together (7.6 meters) to attempt to minimize refraction, reflection and
diffraction problems. From the above model and using an equation format
similar to that of Fig. 2 a Tinear system of equations can be constructed to
solve for the attenuation/velocity of each cell. A number of data-processing
algorithms are available to solve for the system of equations (Dines and

Lytle, 1978).
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KERN RIVER TEST SITE

The experimental test site is located near Kern River and is on Texaco
property identified as Section 33. Figure 3 is a sectional view and shows
typical strata of the section and an LLNL test well. The oil-sand iayers are
identified as G, K, Ky, Ko, R, Ry, and Ry, Each layer is approximately 24 m
thick and separated by an impermeable shale layer about 3 m thick, The
average oil sand porosity is 30-32% with o0i1 saturates of 45-55%. The 01l
viscosity ranges from 1000 to 20000 centipoise at 90°F. Injection steam
quality is 50-60% with formation pressures of 70-200 psig. The formation
water has an electrical conductivity of 1200 to 1700 micromohos/cm from well
water samples.

The highest temperatures are at the Ry level, the present steam layer and
as shown in Fig. 4. Figure 5 shows the layout of the LLNL test wells and
their relationship to each other and to the injection and production wells. A
typical steam flood area is an inverted five-spot of approximately 2.5
acres. The steam-injection well is in the center of the field, and one’
production well is located in each of the four corners. Figure 6 shows a
typical cased test well.

Before installing the casings, we were able to get caliper measurements,
short- and long-spaced resistivity readings, self potential (SP) logs, and
gamma logs of two boreholes. The area was under steam process and, even
though the injection had been turned off, the oil sands were hot and under
pressure. Therefore, we installed the casings quickly to prevent borehole
damage or loss. We could log only the two boreholes, but presumed these data

were representative of the immediate area.
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From the time the boreholes were drilled, each had a temperature log made
once each year. The temperature profiles are similar for all boreholes and
had remained unchanged since 1981. 1In 1984, a pressure buildup began in
Borehole No. 4, indicating a leak. We believe the fiberglass and high-
temperature cement failed. The borehole can be reworked and made usable for
seismic work. It is still usable for EM probing, since the noise and lack of
water does not disturb EM measurements.

The seven experimental boreholes were each drilled to a depth of 243 m.
The lower 121 m of the casing is 2000-psi fiberglass, which is transparent to
high-frequency EM transmissions. The upper 122 m of casing is steel, a ball
valve is installed at the surface. The entire 243-m length of the casing is
surrounded by high-temperature cement to protect the fiberglass casing from

the elevated temperatures in the active steam zone.

PROJECT METHODS

Seismic Method

Experimental seismic data obtained in this project was constrained to use
of first p-wave arrival. No attempt was made to use shear wave or amplitude
data. The p-wave velocity was used to construct a tomograph between two
boreholes (2 and 4). The tomographic data was taken at one meter intervals
over a vertical depth of 10 meters (100 ray paths). The tomograph pixels are
one meter square. The color bar indicates the velocity range.

A seismic source was placed in a water-filled borehole. The seismic

source was an underwater spark gap, connected, via coaxial cable, to an above
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ground capacitive-discharge energy source. Figure 7 shows the frequency
response spectrum of the spark gap, as recorded in a water tank. Three
geophones (two horizontal and orthogonal to each other, one vertical) in a
standard casing comprised the seismic receiver. The casing was modified to
accommodate a simple wedge clamping mechanism that was operated by a separate
cable (see Fig. 8).

The signal conditioning and monitoring apparatus consisted of a variable-
gain differential amplifier and a sampling storage oscilloscope. All
pertinent data (including the digitized output from the oscilloscope, date,
time, depth of receiver, depth of source, received signals, and borehole
identification) were stored on magnetic tape by a desk-top computer. A
program, written for this application, controlled the cable %eels, and read

and stored the data. The complete system is diagrammed in Fig. 9.

Electromagnetic Method

The electromagnetic data obtained used the received signal amplitude
variations to construct a tomograph of the transmission loss pattern in the
plane between two boreholes (boreholes 1 and 2).

The transmitted frequency was 15 MHz, The EM data were taken with a
short dipole for transmitter (1 meter) and a short active monopole probe
(25 cm) for the receiver.

Data was taken at 0.25 meter increments over a total vertical distance of
20 meters (1600 ray paths). Each pixel of the tomograph is 0.25 meter square.

A desk-top computer controlled all equipment, including the cable

reels. The computer program was menu driven, and allowed selection of start
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and stop depths, number of data points to be collected, and frequencies to be
scanned. A1l data are stored on magnetic tape.

A programmable frequency synthesizer generated the EM signal, and an
aboveground amplifier amplified this signal to 100 watts. The amplified
signal travelled through coaxial cable to the cable reel, and from there to an
underground transmitting antenna in one of the boreholes. An underground
receiving antenna, located in an adjacent borehole, received the transmitted
signal. This receiving antenna was connected, through a cable reel and

coaxial cable, to a programmable spectrum analyzer.

Velocity Tomograph

The velocity tomograph (Fig. 10) may be very useful because Tonger ranges
are possible than the electromagnetic method and the seismic method can be
used in steel cased boreholes. The electromagnetic method requires non-
metallic casing. The velocity tomograph can discriminate between o1l
saturated sands, water saturated sands and gas sands at the shallow depths.

We installed the underwater spark gap in Borehole No. 4, and the three-
axis geophone in Borehole No. 2. Borehole Nos. 4 and 2 are along the axis of
and located between the steam injection well and one of the producticn
wells. We took data at 1-m increments between depths of 80 and 90 m. The
7.62-m plane between the boreholes is divided into a matrix of 88 cells,

11 m by 8 m each.

Because of instrumentation problems, we were able to obtain data from
only one horizontal geophone and the one vertical geophone., We used the
seismic signal first-arrival to construct the color velocity tomograph

(Fig. 10) using all of the ray paths intersecting the geophone and the source.
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The velocity tomograph clearly shows a shale Tayer separating two o0il
sand layers. The shale layer corresponds to well log data taken in the same
area.

The oil sand layers are shown to be relatively homogeneous as far as
velocity changes.,

The velocity tomograph obtained was not meant to be a stand-alone
diagnostic tool, but to be used as a reference for a pre-steam zone and
compared with later tomographs obtained after steam flood is initiated in this
zone, The subsequent difference tomographs would show formation changes that
would be related to the replacement of 011 by water. The tomograph images the
entire two-dimensional plane, and therefore, channeling can be observed if it

occurs.

Electromagnetic Tomograph

The high frequency electromagnetic tomographs (Figs. 11 and 12) offer the
complement to the seismic tomograph. The EM tomograph shows an attenuation
image for signals transmitted from one borehole to another. The EM tomograph
is more useful in areas of low conductivity media and can be made much faster
than seismic methods. It is a non-contacting method, operates in dry or wet
boreholes and is not bothered by seismic noise.

One drawback to the EM method is the requirement for non-metallic casing.

In the first tomograph (Fig. 11) we took cross-borehole data from 150
meters deep to 170 meters deep at 0.25 meter increments between boreholes 1
and 2. The bottom part of the tomograph is in the active steam zone with the

upper part bound by a shale layer. The o0il sand layer is denoted as Rl in
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Fig. 3. The attenuation levels in the Jowest quadrant are consistent with low
loss such as a steam channe1; the formation water is highly conductive and the
signal loss would otherwise be high if this area were water saturated. The
central portion of the tomograph shows much higher attenuation jndicating the
presence of a shale Tayer. Since this layer has been steamed and pumped for
over four years a channel could easily have been formed. We expect to conduct
more tests in the near future and examine the area below 170 meters with both
amplitude and phase data.

A second set of tomographic data (Fig. 12) were taken in the same
boreholes from 125 meters deep to 145 meters deep at 0.5 m increments and at
17 MHz. This data covered the area above the active steam zone. The bottom
of the tomograph shows the shale layer again and above that oil sands with
some shale inclusions. The upper left corner is caused by incomplete coverage
of rays. This tomograph will serve as a reference for future steam activity

in the R layer (Fig. 4).

CONCLUSION

The seismic velocity tomograph and the high frequency electromagnetic
tomograph can serve as valuable diagnostic tools to observe the changes that
occur in oil/wafer saturated sands during steam flood or other enhanced oil
recovery methods. These changes are related to the seismic velocity and
electromagnetic attenuation as the saturated oil sands are changed to steam or
saturated hot water sands. The tomographs that were made in pre-steamed 01l
sands will serve as reference tomographs for later tomographs repeated after
these zones are steamed. We can then difference the later tomographs with the

reference tomographs to observe changes occurring in time.
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As long as a seismic velocity or electrically anomalous condition is
induced by the extraction process, the location and time history of the
process can be monitored by using cross-borehole seismic or high frequéncy
electromagnetic tomographic imaging of the entire plane between boreholes. By
suitable arrangement of diagnostic boreholes, a three-dimensional tomographic
image can be constructed. These tomographic images can provide operations
with a2 method to help better understand the in-situ recovery protess and to

increase the efficiency of the oil recovery process.
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Task 26 - INTEVEP shall provide with final information from its
thermal front tracking acoustic signal experiments in the

M-6 field.
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ABSTRACT

Thermal recovery projects in low to medium gravity oil reservoirs
require & continuous control of the fluids spatial movements within the
injection patterns in order to properly evaluate the process. Unfortunately,
tools for in situ monitoring of actual flow distribution, movement rate and
spatial heterogeneities of fire and steam fronts are still limited. Recently,
high resolution geophysical methods have been introduced to essist in the
rel ated reservoir evaluation.

Using one of these geophysical methods, INTEVEP conducted a feesibility
study in the M-6 steam drive project, in order to verify changes in seismic
properties of a thermal developed reservoir. In this study, petrophysical
analysis done with M-6 core samples showed that feirly large velocity and
attenuation anomal ies are related with steam injection, which suggested that
the steamn zone could be seismically located. However, results of a first
cross-well seismic field test with actual production wells were discouraging
due to downhole sparker failure. The acoustic source could mot generate enough
output energy to overcome the adverse conditions found within the selected
injection pattern (cased wells, unconsolidated sands, wells distance and
receiver-well moise).

P1anning of future field tests in large scale steam projects, such as
M-6, should include more rigurous acoustic and electrical control of the
downhole sparker or alternately consider other mon-destructive seismic sources
such as a downhole vibrator. Additionally, lower resolution seismic techniques
(VSP and surface seismic) which do mt present downhole source restrictions
should be included in @ more integraeted feasibility study of EOR thermal front
tracking projects.
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1. INTRODUCTION AND OBJECTIVES

Evaluation of thermal EOR projects for low to medium gravity oil requires
careful consideration of all factors influencing fluid migration within the
injection patterns. One significant problem, arising in the design of thermal
EOR projects is the accurate mapping and monitoring of reservoir fluids
spatial distribution and properties so & to control the performance of the
thermal process. Fluid saturations should be controlled at all times in order
to modify the injection/production schedule, if necessary. Unfortunately,
reservoir engineers still lack tools which can continously determine the
propagation direction, shape, movement rate and spatial heterogeneities of
fire and steam fronts. Recently, new energing techniques which make use of
high resolution geophysical methods may provide accurete and complete
evaluation of fluids distribution 1in reservoirs undergoing thermal EOR
recovery processes.

The first two successful in situ monitoring of thermal EOR operations
using geophysical methods applied surface seismic reflection and
high-resolution crosshole electromagnetic transmission measurements. These
operations were practiced on Conoco's Street Ranch pilot pattern 1 and on
Cities Service's pilot sites 2, Both field measurements were still
restrictive in terms of resolution (surface seismic) and penetration range
(electromagnetic) for significantly mapping deep reservoirs and large scale
thermal projects. Parallelly, MARAVEN (operaeting affiliate of Venezuela
PDVSA) also made ottempts to detect steam fronts in the M-6 steam drive
project by using surface and borehole (VSP) seismic technigues 3,4. The
results of these attempts were inconclusive. Therefore, Nur 5 suggested the
applicetion of the widely used high resolution seismic transmission
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method 6, 7, 8 to detect changes in seismic properties of a thermal
developed reservoir. Based on Nur's suggestion and MARAVEN results, INTEVEP
decided to conduct a field seismic transmission test to validate the
detectability of seismic waves changes induced by a steam drive project.
Starting 1983 and after considering injection time, well break through,
reservoir uniformity and ambient noise, INTEVEP, MARAVEN and Stanford Rock
Physics Group selected an hexagon in the M-6 steam drive project (Fig. 1) to
run the crosswell data experiment.

The crosswell feasibility study included the following steps: (1)
Ultresonic velocities and attenuation laborstory measurements at different
pressure and temperature conditions on M-6 core samples. (2) Crosswell
seismic field test in & selected hexagon of the M-6 field with both, seismic
source énd receiver down in the production wells. (3) Seismic processing and
interpretetion of the finel trensmission and reflection tomographs in
combinstion with laboratory measurements, well logs, geologicel models and
production informgtion in order to provide reslible images of velocity and
attenuation changes that mey be related to fluid distribution in the M-6
reservoir.

26-8



2. M-6 CORE SAMPLE ULTRASONIC MEASUREMENTS

In mid 1983, INTEVEP sent core samples from the injector well LSE-330/
(Fig. 2) to Stanford University in order to measure P and S wave travel time
and amplitude under real reservoir conditions of the M-6 area. A total of
2,605 measurements were done in the ultrasonic apparastus using 6 core samples,
prepared with different oil/brine saturation ratios. For the 100% oil
saturated samples, it was determined that a temperature increase from 25°C to
150°C resulted in a 40% decrease in the P wave velocity (Fig. 3) and a 35%
decrease in S wave velocity (Fig. 4) for constant confining pressures. The
temperature increase also affected the P wave anpl itude, which decreased 90%
(Fig. 5). To study the effect of steam, a steam-transition zone test was run
in 2 100% oil saturated core but the results {Fig. 6) showed no changes in the
P and S wave velocities.

Later, tests vruns in 100% brine saturated samples, showed that a
temperature increase from 25°C to 150°C resulted in mo changes in the P and S
wave velocities (Figs. 7 and 8) for constant confining pressures. However,
during the transition from brine to steam, a very marked decrease in the P and
S wave velocities (Fig. 9) and P wave amplitude (Fig. 10) was observed. The
above results summarize steam effect on acoustic wave transmition properties
trought cores. These data suggest we use seismic methods to locate steam
saturated zones in 01l reservoirs.
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3. M-6 CROSSWELL SEISMIC FIELD TEST

Staerting 1984, a team from INTEVEP and the Stanford Group designed the
crosswell seismic experiment at the LSE-3054 hexagon (Fig. 2) after evaluating
the completion condition of the selected production wells (LSE-1408 and
LSE-3056), the 460 m distance between the two wells, the temperature and
pressure conditions of the Lagunillas Inferior reservoir, and the presence of
H2S in the wells. The design included the following equipment: a 1000 joule
downhole sparker (Fig. 11) specially built by Teledyne Exploration (Houston),
a SWC-3 three-component downhole geophone, a EG&G Nimbus 1210 seismograph with
a EG& 1600 bpi SEG-D digital recorder, a Hewlett-Packerd 3968A analog
recorder and a LRS-100 surface geophone. After well preparation and equipment
testing, the sparker was lowered down the LSE-1408 (Fig. 13) well, and the
geophone down the LSE-3056 (Fig. 13) well, and several crosswell tests were
run. No definite arrivals of those seismogrems were recorded (Fig. 14}, in
spite of stacking various sparker shots at the same shot-receiver position.
This first crosswell seismic survey system test in M-6 was a failure. Two
main reasons were found to explain this result: First, the relation between
the downhole sparker energy output and the production well distance was rot
high enough for the 2000 feet deep unconsolidated Lagunilles Inferior
reservoir, and second, the unexpected high gas concentration present in the
receiver well created too much acoustic noise meking impossible the recording
of any relevant signal.
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4, CONCLUSIONS AND RECOMMENDATIONS

The feasibility study done by INTEVEP and Stanford University to detect
steam fronts through the use of acoustic signals in the M-6 steam drive
project has shown that:

- A significant change in velocity and attenuation of acoustic waves
occurs when tempersture increases in o0il satureted sands. Moreover, the
presence of steam (mo o0il saturation) in the pores magnifies this effect.
These core measurements suggest that fairly lerge velocity anomalies are
associated with steam injection, and that these amomslies cen be mapped
seismically if they are large enough in size.

- A more rigurous control of the acoustic capabilities of the downhole
sparker 1is needed in order to record high resolution seismic datea in &
subsequent field test. Additionally, to perform a crosswell test in actual
production wells is neccesary to have a careful plannig of the logistics
needed, together with information of the "noise" level in the receiver well.

At present, INTEVEP's experience should suqggest careful thinking before
any future verification in the field of any further Taoratory tests. The
selection of a smaller scale steam drive project (50 to 100 m between
production wells) is considered important if production wells have to be used
in @ future crosswell experiment. The drilling of observation wells at
convenient places and shorter distances inside the injection patterns, should
be considered if Jjustifiable. Furthermore, other mn-destructive downhole
sound sources such as & downhole vibrator, a water gun or a bridged-gap
electrode sparker should be examined. Finally, great importance should also
be given to the use of PVC-cased observation wells as receivers in order to
avoid the high noisy environment normally present in field due to gas and
steam entering the vecinity of the production wells.
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If experimental and logistic inconvenients are overcome, new crosswell
seismic tests should lead to the construction of 2-D velocity and attenuation
tomographs. These data shall be related to laboratory measurements, well logs,
stratigraphic and production information to give acurate values of oil-water
suturations in each region of the geotomographic reconstruction. A natural
extension of these 2-D crosswell tomographs would be the construction of a
full 3-D tomograph from various crosswell field seismic surveys in the same
injection pattern.

Finally, to map seismic anomal ies in a complete steam drive project, it
is neccesary to compare the aove results with lower resolution seismic
technigques (3-D surface seismic and offset VSP) in order to analize the
feasibility of 1lateral prediction of anomalies throughout the reservoir
without the restrictions of a downhole source.
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Fig. 12. LSE-1408 well prepared for the field test.
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Fig. 13. LSE-3056 well prepared for the field test.
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Task 27 - DOE shall provide INTEVEP with information from the
project and field tests conducted by Sandia Laboratories
on the use of Controlled Source AudioMagnetiTelluric
(CSMAT) surveys to determine the location of steam zones
and fronts within a petroleum reservoir.
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INTEGRATED, REAL-TIME, PROCESS-MAPPING
INSTRUMENTATION SYSTEM

Sandia National Laboratories

INTRODUCTION

Sandia has been involved in developing techniques to map geologic
discontinuities for over ten years. To date this work has focused on the
development of hardware to detect and measure geophysical properties that
are related to the discontinuity. In particular, Sandia has done
developmental work on a borehole seismic system (BSS), a surface
electrical potential system (SEP), and a controlled-source audio magneto-
telluric technique (CSAMT). These tools have been demonstrated in
full-scale field experiments including massive hydraulic fracturing, in
situ coal gasification, coal mine fires, steam floods, fire floods, and
in situ oil shale retorting. Moreover, the tools can, in fact, produce
signals that can be used to infer some aspects of the geometry of the

discontinuity associated with the process front.

This summary presents some results from two of these techniques and

then addresses the problem of the real-time implementation of the

individual subsystems and the integration of these subsystems into a
complete, computer-linked instrumentation system.

TECHNIQUE RESULTS

Controlled Source Audio Magnetotelluric (CSAMT)

For thermal processes (fire floods and steam floods), and certain
types of chemical floods, there will be significant changes in the
electrical resistivity of the pay zone because of the changes in
temperature, changes in the water saturation, and changes in the

resistivity of the process fluids.
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The CSAMT technique can be used to detect these electrical property
changes. It is an electromagnetic (EM) geophysical technique where an
electromagnetic field (EMF) is generated by a long wire dipole laid out
on the surface of the earth and grounded at both ends to the earth. A
transmitter operating at selected frequencies in the range of 0.01 to
5000 Hz excites the dipole at its center. The controlled source in the
acronym CSAMT refers to the controlled frequencies used over the lower
audio band down into the subaudio. Normally the transmitting antenna is
located some distance from the area to be interrogated in order to

minimize the nonlinear aspects of the generated EMF.

The incident EMF from the transmitting antenna will be scattered or
reflected from the underlying structure. Preliminary 1laboratory
experiments imply that the dominant contribution is from scattering.
This scattered EMF will combine with the incident field and the total
field will impinge on a receiving station located on the surface above
the zone to be mapped. The receiving station consists of antenna tha}
allows measurement of the electric and magnetic components of the
signal. The oscillator used to control the transmitter is phase locked
to the data acquisition unit at the receiving/mapping station. Thus, the
incident field signal can be subtracted from the total field signal by
making only measurements of signals that are not in phase with the
transmitter. The magnitude and phase relative to the transmitted signal

of all components of the electric and magnetic fields can be measured.

The depth of interrogation depends on the frequency; the lower the
frequency, the deeper the penetration of the EM wave. The apparent re-
sistivity depends on the resistivities of all of the formations pene-
trated by the EM wave. Thus if one measures the resistivities over a
range of frequencies at a fixed observation point, the portion of the
formation observed becomes larger as the frequency is lowered. Although
this does give an indication of the depth dependency of the apparent re-
sistivity, this approach is difficult to interpret exactly. Information
about the geophysical characteristics can be used to resolve ambiguities

in interpretation but sophisticated computer codes are required.
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To date, two field experiments have been conducted on an EOR pro-
cess. One was in conjunction with an in situ combustion, heavy oil
recovery experiment conducted by the Bartlesville Energy Technology
Center in the Bartlesville sand at a depth of approximately 350-
360 ft.1 Two surveys were conducted six months apart and differences
in apparent resistivity during that interval were consistent with process

and post-operation core data.

The other test was the first steam flood experiment (TS-18) in the
Northwest Asphalt Ridge Tar Sand (o0il sand) near Vernal, Utah, conducted
by DOE's Laramie Energy Technology Center.2 The reservoir is about
45 ft thick and lies at a depth of 500-550 ft. Steam was injected into
the center well of two concentric inverted five-spot patterns of 0.1 and
0.25 acres each (Figure 1). 1In the 160 days of operation until September
29, 1980, a total of 65,700 bbl of water equivalent steam were injected
into the 45-ft thick, 500-ft deep tar sand zone. 1,150 bbl of oil and
6,250 bbl of water were produced during the course of the experiment.
The permeability of the lower 5 ft of the pay zone was much higher than
that of the upper portion. The post-operation core holes indicated that

considerable steam had bypassed into a zone below the injection zone.

Steam injection began on April 23, 1980. The first CSAMT survey was
run June 20-22 and a second, near the end of the test, on October 8-12,
1980. Apparent resistivity data are shown for two different frequencies
in Figures 2 and 3 for the two different surveys. By skin depth argu-
ments, the 512-Hz data indicate what is happening at the top of the zone,
and the 128-Hz data indicate deeper penetration near the bottom of the

zone,

The interpretation of these contoured maps requires the use of
laboratory studies and full utilization of information generated by the
more normal oil field experimental parameters. Preliminary lab steam
flood studies show that the water bank produced a lowering of the forma-

tion resistivity. Thus, those regions where the value is decreased
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correspond to areas where water has condensed or a2 water front is
located. The area south of (below) 3P3 in the October data indicates a

major water bank, as does the one surrounding 3P2.

Lab experiments have shown that uncondensed steam will increase the
formation resistivity. Thus, the high values for the 128-Hz data about
injection well 3I1 indicates an active steam zone, and suggests (a) that
a volume in which the steam has swept out the formation oil but yet is
hot enough that the steam has not condensed, and (b) that the dominant
injection zone was at the bottom of the pay zone. This is in agreement
with spinner flow measurements and data from the temperature observation
wells. There is an indication that the hot water bank is beyond the 3P3,
3P7, and 3P2 line with the possibility of large-scale fingering devel-
oping between 3P3 and 3P7 and another finger past 3P2.

If this interpretation is correct, the response should indicate the
bypass of steam into an underlying zone below the injection interval as
observed in the post-operation drilling. A survey at a frequency of
64 Hz should contain not only the volume in the pay zone but also that

below the pay zone. A substantial area of high resistivity was observed.

This work shows that measurements made from the surface by a nonin-
trusive technique can indicate the changes that are occurring in the
steamed pay zone. Use of this method with other oil-field information
about production activities and, where available, temperature and pres-
sure measurements has helped to pgive a more complete picture of what
progressed in the TS-1S experiment. By careful choice of frequency and
measurement techniques, it is possible to see through a conducting zone.
These measurements could have been enhanced by (1) a series of background
CSAMT measurements before injection began; (2) a well-defined, regularly
spaced, rectangular grid to locate observation points; (3) laboratory
measurement of the electrical parameter changes induced by the specific
EOR processes; and (4) as much information from process operations as

possible.
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Borehole Seismic System (BSS)

Acoustic emissions resulting from a hydraulic fracture are thought to
be caused by shear failures induced by the open, pressurized fracture,
the localized high pore pressure zone surrounding the fracture, and the
presence of planes of weakness in the rock surrounding the fracture.
Although these acoustic emissions are not thought to be caused by tensile
failure at the hydraulic fracture's propagating edge, it should be
possible to use their location to infer the hydraulic fracture azimuth
and height, because they should occur in a tight band near the hydraulic
fracture face. The goal of the BSS is to determine the fracture azimuth

and height by detecting and locating these microseismic events.

Recent redesign of the hardware, software, and data-reduction
techniques associated with BSS have made possible better estimates of
hydraulic fracture geometry.3 The redesigned triaxial system now
incorporates three geophones per axis and provides 30 times the downhole
gain of the replaced system, resulting in improved signal-to-noise
ratios. This stronger signal, together with an increased digitization
rate for each of the six simultaneously digitized channels from two
borehole seismic teols, has made possible the acquisition and processing
of data that were previously inaccessible. The new electronics makes use
of a null system and an improved calibration system which includes a
synthetic event generator to produce sinusoidal signals of specified
amplitude, frequency, and phase. These make readjustments to maintain

system balance possible while the tool is in place downhole.

The method of microseism location depends on the detection of primary
(compressional) and secondary (shear) wave arrivals to compute the
distance from the BSS tool to the microseism. The direction from which
the wave arrives is determined from phase information contained in the
triaxial geophone data.4 This method depends on the faet that a
primary wave is polarized in the direction of propagation, so that a

three-dimensional vector with components proportional to the output of
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the three geophone axes points either towards or away from the direction

of arrival.

If the primary and secondary wave arrival times can be determined,
then the distance to a seismic source can be calculated by the different
wave arrival times and a velocity factor. This factor can be determined
empirically from seismic sources at known distances, without knowledge of
the primary or secondary wave velocities. Since the primary wave travels
faster than all other waves and is polarized parallel to the direction of
travel, it is possible to determine the direction from which it arrives
at a triaxial geophone of known orientation by analysis of the three
components of the first arrival of the signal. First, the east and north
components are analyzed by using spherical statistics to determine the
azimuth of the direction of arrival.s Then a three-dimensional
spherical statistical analysis of the data is used to determine the
elevation to the source. 1In addition to the azimuth and elevation of the
direction of arrival, spherical statistics yield an estimate of the
probable error in the form of standard deviations for both the azimuth

and elevation.

Given the azimuth, elevation, and distance to an event determined by
two BSS tools in offset wells, it 1is desirable to refer the two
single-tool locations and their error measures to a common coordinate
system and determine a most probable single location and an error measure
for that location. This can be done by assuming a triangular probability
distribution about each location based on the mean, mode, and standard
deviation for the azimuth, elevation, and distance, and solving for the
position which minimizes the error measure.5 For a rectangular
coordinate system, the error measure is expressed as a standard deviation
for each of the coordinate axes and can be thought of as an ellipsoid
with axes parallel to the coordinate axes. The minimum error position is

the position which minimizes the volume of the error ellipsoid.

This improved system was used in conjunction with a hydraulie

fracture stimulation conducted in November 1986 as part of DOE's
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Multiwell Experiment.6 Over 100 microseismic events were recorded and
digitized during pumping, shut-in and flowback of the treatment. The
treatment consisted of 22,000 gal of 75 quality nitrogen foam, and 32,500
1bs of intermediate strength proppant, pumped at 10 bpm. The zone was
the 23 ft thick fluvial B sandstone at a depth of 5822-5845 ft. Two BSS

tools were used: one in each of two offset wells.

A total of 29 events were detected which were located from both BSS
tools and resulted in locations that were close enough together in both
time and space to reasonably be considered to represent the same
microseismic event resulting from the stimulation. The individual event
ellipses produced by the maximum likelihood event location scheme are
shown in Figure 4. These events indicate a fracture azimuth of 68° west
of north. All events lie between parallel lines 25 ft on either side of
this line, as shown more clearly in Figure 5. The accuracy of the
redesigned system, based on the ability to locate perforation shots,
indicates a 25-ft uncertainty in the location of individual microseisms.
This indicates that a fairly high level of confidence can be associated
with the 68° west of north fracture azimuth determined from the two-well
locations. This azimuth is in excellent agreement with previous
measurements at this site. The vertical distribution of the signals is

shown in Figure 6 and indicates possible upward growth of the fracture.

INTEGRATED PROCESS MAPPING SYSTEM

Although the proposed system has a broad-ranging application base,
perhaps the best way to articulate the concepts associated with such a
system is in the context of a specific application. One such application
is hydraulic fracturing of oil and gas wells. Hydraulic fracturing has
become an important technique in the stimulation of low-permeability
hydrocarbon reservoirs. Historically, these low-permeability reservoirs
were considered noncommercial, but with continuing advancements in
hydraulic-fracturing technology, the reservoirs are becoming increasingly

economic. At present, roughly 25% to 30% of total U.S. 0il reserves are
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economically producible because of hydraulic fracturing. Treatments have
become so widespread that approximately 35% to 40% of all wells drilled

today are hydraulically fractured at some point.

Optimization of a hydraulic-fracture treatment requires an approach
that takes into account those properties of the formation that affect
reservoir performance and those properties of the fracture--in
particular, the fracture geometry--that will lead to increased
production. 1In principle, the creation of an optimal fracture geometry
will maximize the return (enhanced revenues minus treatment cost) of a
hydraulic-fracturing treatment. Therefore, the creation of a
satisfactory fracture geometry is particularly important in hydraulic
fracturing, because the fracturing can constitute a large portion of the

total well costs.

Accurate knowledge of formation properties is essential for selecting
suitable values for the treatment parameters.9 Unfortunately, the
approach that is commonly used to select values for the treatment
parameters is far from satisfactory. Except for pressure data collected
during fracturing, this approach entails an almost total reliance on data
generated from prefrac measurements in the laboratory and from prefrac
observations and measurements in the field (including minifrac

measurements).

The prefrac data, in the form of values for formation parameters such
as porosity (¢), permeability (k), vertical distribution of minimum
principal horizontal in situ stress (o), material properties (e.g.,
Young's modulus (E) and Poisson's ratio (v)), and probable fracture
orientation, are used in conjunction with trial wvalues for treatment
parameters (e.g., viscosity (n), leakoff rate (B), density (p), fluid
volume (V), and injection rate (F) of the fracture fluid; size, crushing
strength, and concentration of the proppant (sand)) as inputs to a
fracture model from which estimates of fracture geometry (height (H),
length (L), and width (W), in addition to probable orientation) can be

made. Assuming that the physics incorporated in the fracture model is
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correct, then the use of this modeling procedure for optimizing the
treatment design with respect to the desired fracture geometry is
currently still limited to finding a satisfactory set of initial values
for the treatment lz‘arameters.8 The values for the formation parameters

are fixed at the initial values obtained from prefrac measurements.

Initial wvalues for the in situ viscosity and leakoff rate may be
inaccurate, and these values may change during the fracturing process.
Thus, the initial set of values for the treatment parameters may no
longer be (and may never have been) optimal. Efforts to alter the
treatment during fracturing, in such a way as to control or improve
fracture geometry, must rely on judgments based on previous experience
and on limited information (e.g., flow and, possibly, pressure and
temperature data). In the absence of the means to measure the fracture
geometry during fracturing, there is no way to update the values for the
viscosity and leakoff rate by comparing fracture-model output with
observed fracture geometry), and lacking these values, the fracture model
cannct provide reliable information that can serve as a guide in
controlling or altering the treatment to achieve the desired fracture

geometry.

Control of the Treatment with Real-time Data

The use of a real-time fracture-diagnostics instrumentation system is
essential for providing the information needed to control a fracture
treatment and to determine whether or not the ongoing treatment is in
fact appropriate. Figure 7 is a flow diagram that shows how a real-time
instrumentation system might be used to optimize the fracture treatment

and fracture geometry.

During treatment, continual comparison of the fracture geometry
predicted by the fracture model with the fracture geometry sensed by the
instrumentation system makes it possible to provide updated values for

the in situ viscosity and leakoff rate. Provided that the fracture model
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is correct and convergence is obtained in this model-convergence loop
(yielding an altered but physically reasonable and self-consistent set of
values for these parameters), then there exists sufficient information
with which to use the model to test the effect on fracture geometry of
modifying the fracturing treatment. With the desired fracture geometry
as a goal, iterations within the treatment-parameter loop are potentially
useful for providing the information needed to guide and control the
course of the treatment. As indicated in Figure 7, it is, of course,
possible that the iterative procedures will not lead to eventual
agreement between observed and calculated fracture geometries. In this
event, there is no model-derived rationale by which the ongoing treatment
can be controlled or improved, and the empirical fracture geometry must

be used in determining the course of the treatment.

The System

An integrated, real-time instrumentation system consisting of a
number of diagnostic subsystems is proposed. A conceptual framework for

the system is shown in Figure 8.

To provide this real-time instrumentation system, four diagnostic
subsystems have been or are currently being developed. These subsystems,
which are to be linked together by a microcomputer network, consists of
(1) an internal-fracture-pressure measurement system, (2) a fluid-flow
measurement system, (3) a borehole seismic system (BSS), and (4) a

surface-electric-potential (SEP) or CSAMT measurement system.

Use of a combination of diagnostic subsystems is required to ensure
that all pertinent fracture parameters, which define the fracture
geometry, are measured. These subsystems are complementary and, in
addition, they provide a certain amount of redundancy in the
measurements, through the use of which it is possible to make consistency

checks.
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The composite instrumentation system will provide not only the at-
the-wellbore measurement capabilities afforded by the use of the pressure
and fluid-flow diagnostic systems but also the away-from-the-wellbore
measurement capabilities made possible by the use of the BSS and the SEP
or CSAMT systems. 1In addition, the composite system, in conjunction with
the fracture model and the computer-driven diagnostic methodology, will
provide the capability to subject the data acquired from all four
measurement subsystems to real-time analysis and interpretation. It is

these attributes of the proposed system that make it unique.

Diagnostic Subsystems

The vertical distribution of minimum horizontal in situ stress has
the greatest influence on fracture height.lo Layers with low minimum
in situ stress are fractured even with low fracture pressures, while
those layers with high minimum in situ stress require high fracture
pressures. As a fracture grows in height, pressures and temperatures
within each fractured layer readjust in response to the introduction of
fracturing fluid, thereby changing the pressure profiles of the fracture
interval with time. These changes can be monitored at the wellbore. If
sufficient contrasts with respect to horizontal in situ stresses exist,
then real-time pressure measurements, coupled with prefrac determinations
of these stresses, can be used to determine the fracture height (H).
Pressure and in situ stress measurements for each layer can be used as
inputs to a generalized version of the Simonson model,11 from which an

estimate of fracture height can be obtained.

For a vertical fracture with length greater than height, an estimate
of fracture width (W) can be made using estimated fracture height, the
real-time pressure measurements, and the prefrac measurements of
Poisson's ratio and Young's modulus. Width is calculated using the

equation of Perkins and Kern.

Calculations of both fracture width and fracture height require that

fracture pressures be known. Initially, the measured wellbore pressures
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are used. Pressure at any given point in a fracture, though, depends on
fracture height and width and on distance from the wellbore. To
calculate far-field fracture parameters, it 1is necessary to adjust the
wellbore pressures for the large pressure drop due to fluid flow along
the length of the fracture.13 This adjustment requires that fracture
length be known.

Fluid-flow measurements provide fracture volume (V), from which
fracture length (L) is calculated. Additional parameters required in the
calculation include fracture height, width, and the leakoff rate (8),
which is determined during the prefrac well tests. Because fracture
height and width are needed to calculate length and because fracture
length is required to determine the fracture pressure (i.e., the fracture
pressure away from the wellbore) wused in the height and width
calculations iteratively, until convergence is achieved giving both near-

and far-field values for the fracture height, width, and length.

The real-time measurement of pressure and fluid flow is, of course,
standard practice in a fracture treatment; however, the use of pressure
and fluid-flow measurements in a real-time analytical context is not.
Furthermore, using current modeling methods, these at-the-wellbore

measurements cannot be used to determine fracture orientation (©) or

the ratic (a) of the lengths of the fracture wings (Lmaj and
Lmin)' To determine these parameters, BSS and SEP or CSAMT

measurements are made in the near and far fields, respectively. These
measurements are essentially away-from-the-wellbore measurements, and
their incorporation within a real-time instrumentation system is what
distinguishes the proposed diagnostic system from that used in standard

practice.

The BSS and CSAMT have been described in previous sections. 1In the
SEP technique, pulses of current are injected into the treatment
well/fracture combination, and a remote well casing 1 to 2 miles away
acts as the return electrode. The induced potential distribution is

measured by a set of potential probes at the earth's surface on

27-12



concentric circles located around the fracture well., As a fracture
grows, the conductive frac fluid filling it alters the induced surface
electrical potentials around the fracture well. The potential gradients
associated with pairs of probes (one probe at each radius) are measured

as the fracture develops.

A composite instrumentation system that includes BSS and SEP
capabilities has been discussed for a stimulation experiment.l4 The
fielding of the composite system and the operational procedures
associated with its use are described. This description provides an
example of how the proposed real-time instrumentation system might be

deployed in the field.

System Summary

A fracture-diagnostics system with real-time capability offers an
opportunity to control the treatment during fracturing. In the real-time
system, fracture parameters are predicted prefrac just as they are in
current treatments. However, once fracturing has commenced, the
real-time instrumentation, consisting of an integrated system of
fracture-diagnostic subsystems, measures the fracture parameters in real
time. Measured and predicted parameters are compared and necessary
revisions of the treatment are made to ensure that the fracturing process

is leading to the desired fracture geometry.

Efforts to develop a real-time instrumentation system should be
focused on (1) developing the real-time capabilities of each of the
separate diagnostic subsystems, (2) solving the problems associated with
the integration of these subsystems into a complete real-time system, and

(3) testing the system in the field.

CONCLUSIONS

An integrated process mapping system has been proposed. Two

potential components of such a system, one based on controlled-source
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audio magnetotellurics and another on borehole seismics, have been

described and examples of field results given. Clearly, advances towards

such an overall process mapping system are being made.
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Task 28 - DOE shall provide INTEVEP with information from the foam
diversion research and steam additive computation model
development conducted by the Stanford University
Petroleum Research Institute. The Project Managers will
consult with one another on foam diversion research and
computational modeling being conducted at SUPRI and
INTEVEP laboratories with a view toward avoiding
duplication of effort and enhancing the respective
research effort.
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Included in this task are: Page

A Study of Heat Transfer of Steam 28-3
Displacement

A Laboratory Study of Surfactants 28-4
As Foaming Agents

Two-Dimensional Displacement by Gas 28-8
and Surfactants Under Foaming
Conditions

Foam/Emulsion Displacement of 0Qil 28-10

in Unconsolidated Sandpacks
Flow of Foam Through Micromodels 28-14

The Transient Behavior of Surfactant 28-18
Foam Flow in Porous Media

Apparent Viscosity Measurements of 28-39
Surfactants Foam Flow in Porous
Media

Foams in Porous Media - A Literature Survey 28-76
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A STUDY OF HEAT TRANSFER OF STEAM DISPLACEMENT

A technical report by Fred Wang and W.E. Brigham (TR 55, 1986) was published on this
topic; the following is an abstract of these results.

ABSTRACT

A system of differential equations describing the temperature distribution in the insulation
and the heat frontal movement in a cylindrical core during steam injection is derived and
solved in Laplace space. The real-time solution is obtained by using the Stehfest algorithm.
The solution shows that movement of the heat front is strongly dependent on the heat transfer
coefficients at the inner and outer boundaries.

Experimental results of steam injection are shown at pressures varying from 0.11 to 1.42
MPa (16 to 206 psia). The apparent thermal conductivity of the insulation as a function of
temperature was obtained by comparing experimental data with an analytic solution. When the
pressure of the steam zone changed during a run, it was found that changes of volumetric heat
content in the heated core and the insulation may be treated as though they were changes in
heat injection rate. The method of succession of steady states can also be used to approximate
the heat frontal movement for cases of variable pressure. For displacements using Kaydol as
the in-place oil, the initial oil saturation had little effect on irreducible oil saturation.

A method for approximating the steam swept volume is presented using an adjustment to
the Marx and Langenheim equation and a new definition of the critical time. This method is to
change the time scale using f;, as a factor to adjust the time scale after the critical time, where
fi» is the fraction of total heat which is latent heat, and where n is determined empiri-
cally. The f,, varies from 0.1 to 0.9 and n varies from 0.4 to 1.9. This method improves the
approximation of the steam swept volume.

The steam mobility can be reduced by alternate injection of steam and surfactant slugs.
The steam mobility decreased with an increase of surfactant concentration and with an increase
in the slug sizes of the surfactant solutions. The number of surfactant slugs required to obtain
the maximum mobility reduction was found to be a function of surfactant concentration and
backpressure. The addition of nitrogen in the injected steam further reduced the steam mobil-
ity, with very little effect seen at concentrations of nitrogen above about one mole percent.
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‘A LABORATORY STUDY OF SURFACTANTS AS FOAM DIVERTING AGENTS

INTRODUCTION

An insulated cylindrical core packed with unconsolidated sand was used to study and
compare commercially manufactured surfactants. Each surfactant was injected with steam and
nitrogen simultaneously to generate a foam in-situ, The diverting capability of the foam was
measured in terms of pressure drops along the cylindrical core. The surfactants that will be
studied in this experiment are Chevron’s SD1000 and Shell’s Enordet AOS 1618.

APPARATUS

The experimental equipment used was designed and built by Wang (1986) as part of his
PhD dissertation. A schematic diagram of the steam/foam displacement apparatus is shown in
Fig. 1. Two Constametric Model II pumps were used to inject fluids into the sandpack. One
pump was used solely to pump water for steam generation and the other was used for surfac-
tant or mineral oil injection.

Steam was generated by a tubular furnace capable of elevating the steam temperature
above 600°F. Heat tape and a heating band were used to compensate for heat losses along the
injection line and the inlet flange, respectively.

Nitrogen injection was controlled by a Matheson 8240 flow controller which consists of a
flow transducer, a flow control valve, a power supply/readout box and an interconnecting cable.
A pressurized tank with a pressure regulator was used as the nitrogen source.

The linear sandpack consisted of a 6 ft. stainless steel tube packed with commercially-
graded Ottawa sand. Along the tube are various thermocouples and five pressure taps to meas-
ure the temperature and pressure profile, respectively.

The produced fluids were collected by a fraction collector (Buchler Model Fractomette
Alpha 200) based on volume. Backpressure on the system was maintained by a Grove Valve
and Regulation Co. Model 591W backpressure regulator.

DATA COLLECTION

The data collection consisted of strip chart recorders and a data logger connected to a
computer. Thermocouple measurements along the cyclindrical core were recorded by a 24
channel strip chart recorder. Pressure data were measured by transducers with corresponding
demodulators to transform the signals into a DC output. These voltage were recorded by two
three-pen strip chart recorders.

Both temperature and pressure measurements were also connected to a data logger which
was linked to Tektronics 4054 computer. The measured data was stored on tape and later
transferred to a Vax 11/750 computer for analysis.
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SAND PACK PREPARATION

A commercially graded Ottawa sand (mesh 170-200) was washed and oven dried before
packing. The weight of the packed sand was carefully recorded to determine the sandpack
porosity. Vibrators and a rubber mallet were used to expedite the settling of the sand.

The stainless steel tube was sealed by a flange and copper O-ring assembly on each end
and then pressure tested with nitrogen to 300 psig for 24 hours. The sandpack was then eva-
cuated and filled with water under a vacuum. The pore volume was determined from the
volume of water used to fill the sandpack and compared favorably to the value obtained from
the sand volume.

The water saturated sandpack was next flooded with mineral oil to the irreducible water
saturation. Steam was then injected until steam-out conditions to simulate a steam channel.
Table 1 shows the properties of the sandpack.

TABLE 1
SANDPACK PROPERTIES

Porous medium - Ottawa Sand (mesh 170-200)
Sandpack length, L = 6 ft.
Sandpack inside diameter, ID = 2.15 in.

Porosity, ¢ = 35.3%
Permeability, K = 4.97 darcys
Residual oil saturation, S,, = 18.7%

Mineral oil - Kaydol

EXPERIMENTAL RUNS

The surfactant/foam runs initially began by injecting steam into the linear sandpack at a
constant rate (4 c¢/min of equivalent water) until steam breakthrough. After breakthrough,
slugs of surfactant solution were injected simultaneously with the steam.

The first run consisted of injecting 2 slugs of 0.1 PV of 0.1% by weight SD 1000 at 4
cc/min simultaneously with steam at 4 cc/min of equivalent water. The second surfactant slug
was not injected until the pressure profile in the system had fallen to pre-surfactant injection
pressures. No back pressure was held on the system for this run. Temperature and pressure
profiles along the sandpack were recorded along with the concentration of any surfactant in the
produced fluid.

The second run was a repeat of the first run except that a 70 psig back pressure was held
on the system and a third slug of water and steam was injected at the same rates as the two
surfactant solution slugs. Preliminary results indicate that the back pressure has little affect on
the pressure drop along the sandpack.

The same procedure was used for the third run except that 1.0% by weight of SD 1000
was used rather than the 0.1% by weight used in the two previous runs, and the water slug was
injected first followed by the two surfactant solution slugs. The preliminary results indicate
that there was no significant change in the pressure drop along the sandpack with the higher
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concentration of surfactant. The fourth run made this year was a repeat of the third run to
confirm the results and show the reproducibility of the runs. Table 2 sums up these four runs.

TABLE 2
SURFACTANT RUNS

Run No. Slugl Slug2 Slug3 Back Pressure

1 0.1% 0.1% - 0

2 0.1% 0.1% water 70

3 water 1.0% 1.0% 70

4 water 1.0% 1.0% 70
FUTURE RUNS

Future runs include injecting nitrogen simultaneously with the surfactant and steam, and
possibly continue injecting nitrogen with the steam for a period of time after surfactant injec-

tion has stopped.

REFERENCES

1.  Wang, FP.: "A Study of Heat Transfer of Steam Injection and the Effect of Surfactants
on Steam Mobility Reduction,” PhD Dissertation, Stanford University, Stanford (1986).
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A: temperature controliers N: nitrogen cylinder

B: thermocouples O: carbon dioxide cylinder
C: sandpack P: pressure gauge

D: pressure transducers Q: gas fiow controller

E: recorders R: gas flow regulator

F: fractional collector S: steam generator

G: graduated cylinder T: pump

H: heat exchanger (condenser) U: vacuum gauge

I: side glass V: vacuum pump

J: back pressure regulator W: water container

K: gas/liquid separator X: cleaning fluld

L: moisture drier Y: oll container

M: gas flow meter Z: surfactant solution container

Fig. 1. Schematic Diagram of Steam Displacement Apparatus.
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TWO-DIMENSIONAL DISPLACEMENT OF OIL BY GAS AND
SURFACTANT UNDER FOAMING CONDITIONS

A technical report by Syed M. Mahmood and W.E. Brigham (TR 58, 1986) was pub-
lished on this topic; the following is a summary of these results.

CONCLUSIONS AND RECOMMENDATIONS

A number of conclusions, both qualitative and quantitative have been arrived at as a
result of this research. The qualitative conclusions are somewhat speculative in nature and thus
lead to the recommendations for further research to better define the general nature of foam
flow behavior when gravity force is also important.

CONCLUSIONS

In this two-dimensional sandpack, gravity was always an important force for all injection
rates. The rates used were in the range that would scale to the rates of typical oil field reser-
voirs. In all cases it was found that the gas rose to the top of the sandpack and rapidly formed
a thin Dietz-type tongue extending up to the producing end. The rate of gas injection had vir-
tually no effect on the behavior of this gas finger.

The surfactant solution always segregated toward the lower part of the model. The nature
of its flow depended on the rate, the surfactant concentration and the mobility ratio between the
surfactant solution and the oil. When the mobility ratio was favorable, the surfactant moved as
a nearly vertical front at the rates tested.

When the mobility ratio was unfavorable, and the surfactant solution rate was low, it
moved along the bottom as a Dietz tongue. When the mobility ratio was unfavorable, and the
surfactant solution injection rate was high, viscous fingers were formed at the surfactant
solution-oil displacement front.

The surfactant concentration affected these liquid fronts, apparently due to the reduction
in capillary forces. Low concentration surfactant solutions showed a more diffused interface,
while higher concentration solutions showed sharper fronts.

Many different modes of injection and production were tried initially in an attempt to
reduce gravity segregation and to cause foam flow to begin sooner in the reservoir. These
included:

(1) A single slug of surfactant solution followed by gas,

- {(2) Alternate slugs of surfactant solution and gas with the surfactant solution injected
into the top and the gas into the bottom,

(3) Preformed foam injection, and
(4) Simultaneous injection of surfactant solution with gas.

In all cases segregation occurred, but the best recovery was found when the surfactant and gas
were injected simultaneously. Thus all subsequent experiments were run in this mode.
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An attempt was made to model these subsequent runs using the scaling laws and dimen-
sionless groups which relate capillary, viscous and gravity forces. The results were incon-
sistent. In particular it could be seen that, in the middle of many runs, the oil production rate
began to rise rapidly. This always occurred at the time when foam generation was seen to
begin in the sandpack, forming a third front in the gas-swept zone. It became clear that this
delay in foam generation was a key to understanding the behavior, and was also the reason that
the simple dimensionless variables did not adequately define the system.

This delay in the onset of in-situ foam generation has been termed the mass effect, It
was speculated that the foamicidal behavior would be a function of the rates of gas and surfac-
tant solution injection, the surfactant concentration, and the geometry of the system; and also
the natures of the porous medium, the in-place fluids, and the surfactant solution. Although
several oils were used in this experimental work, they were all refined oils of different
viscosities which seemed to have similar behavior. Also the porous medium and geometry
were constant in this work and the same surfactant was always used. Thus the variables of
importance found for these experiments were the gas and surfactant injection rates and the sur-
factant concentration. All three variables affected the time of in-situ foam generation. An
empirical equation was developed which successfully predicted the onset of foam generation in
the sandpack.

Most of the data indicated two gravity tongues, gas and surfactant solution; and after the
mass effect was overcome, a third foam front formed in the gas tongue. A simplified equation
was derived to calculate the recovery from these tongues using a modified Buckley-Leverett
formulation combined with a Dietz tongue in the gas, and a simple Dietz tongue in the surfac-
tant solution, This is called the Combination-Drive Model herein. Once in-situ foam started to
flow in the gas tongue, mobility in the model was modified to take the reduced gas mobility
into account. This model was successful in predicting the recovery history of most of the runs.
The exceptions occurred only in those runs where the displacement behavior differed markedly
from the model. To make these calculations, the terms that were inserted into the equation
were the oil saturation change in the gas and surfactant solution tongues, and the mobilities of
surfactant solution, gas and foam. The same values could be used in all runs.

This same formulation concept was used to calculate the pressure drop history of the
runs, and the success was far less pronounced. For several runs, the pressure drop history was
well matched, but the behavior differed widely for many others. The poorer matches are
probably due to the assumptions used in the model that the gas foam mobility was constant
once foam was formed. Actually, as the foam moved through the model, the gas foam mobil-
ity decreased with time. No method was found to predict the rate of movement of the foam
front; however, it is expected to be a complex function of the same variables which affect the
onset of in-situ foam generation. ST

RECOMMENDATIONS

Since only one surfactant, and one porous medium with one geometry were used in the
experiments, it would be useful to pursue other experiments where these factors were varied.
With such systems, both the mass effect equation and the combination-drive displacement
model could be tested, and modified if necessary.

A series of runs should be made to better define the foam front movement in the gas
finger. From these data an equation of foam movement should be developed. Pressure drop
measurements near the top of the model could help define these mobilities. The same variables
mentioned in the paragraph above could be included in the foam front equation. If this were
successful, the pressure drop history of foam floods could be better matched.
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FOAM/EMULSION DISPLACEMENT OF OIL
IN UNCONSOLIDATED SANDPACKS

INTRODUCTION

The aim of this research is to try and separate the different effects that a gas driven sur-
factant slug has on oil recovery. Three chemically similar surfactants whose properties range
from foaming agents to emulsifying agents are being used to separate the effects of wettability
changes and reduced oil-water interfacial tension from the other effects that a foam phase has
as an oil displacing aid.

It was initially intended that this research be carried out using Plexiglas sandpacks. A
partial vacuum at the outlet of the model was to be the driving force for the oil production.
Moderate success was obtained using a small (18" x 6" x 1/4") prototype Flexiglas model, but
when a larger model (36" x 12" x 1/4") was constructed, unresolvable problems arose. The
major problem arose in the packing of the Plexiglas model in that it was impossible to get a
close pack between the sand and the walls of the model. Despite measures of prevention, the
walls of the model would bow out under the slight pressure exerted by the sand. After efforts
to correct the problem, it was decided that it would be best to use a more conventional metal
reinforced glass model.

At present the low HLB number surfactant runs have been completed and the intermedi-
ate HLB number surfactant effects are being investigated. In addition, a polysaccharide biopo-
lymer is being added to the surfactant solution slug in hopes of stabilizing the foam lamellae.

The results with the low HLB number surfactant show that only at the highest concentra-
tion used (0.1% by wt.) did the surfactant solution increase oil recovery. At all other surfac-
tant concentrations the oil recovery was exactly the same as when no surfactant was present in
the injected slug. However, at all concentrations (0.01%, 0.03%, 0.1%) the aqueous phase
recovery from the sandpack increased over that when a 0.0% surfactant slug was used.

The early results from the runs where the polymer was included in the surfactant slug
indicate that the polymer slows down the rate of oil recovery initially, but produces the oil at a
more even rate and results in higher ultimate recovery. Another effect of the addition of the
polymer to the surfactant solution was a dramatic decrease in the aqueous phase recovery. In
each instance, the addition of polymer reduced the aqueous phase recovery to about 10% of its
value when no polymer was added.
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¥LOW OF FOAM THROUGH MICROMODELS

INTRODUCTION

This work started in the summer of 1986. The objective is to study the flow of foam
through a micromodel as an extension of the work done by Owete and Brigham (1984). In his
research, Owete used etched silicon wafers to represent a monolayer of porous matrix. He used
two types of models, one with homogeneous pore structures and one with randomly distributed
pore structures. In his experiments, Owete injected air into the surfactant saturated models and
observed the "flow characteristics of foam under varying air injection rates, pore dimensions
and surfactant concentration." However, he never introduced oil in his models. We are
attempting to observe the more complex behavior of flow of foam with oil.

This work involves the same procedure as Owete’s with a few exceptions. Instead of
using etched silicon wafers, a single layer of sand is used as the porous medium. Instead of
injecting air, CO, is injected to reduce the amount of residual gas in the micromodel. The runs
are made at room temperature and atmospheric pressure. Under these conditions, CO, is
immiscible. Surfactant followed by CO, is injected into the model which had previously been
saturated with oil. Observations were made of the foam flow mechanisms under varying
injection rates and surfactant concentration.

EXPERIMENTAL APPARATUS

The apparatus consists of a high powered microscope, a photo camera to take slides, a
television camera connected to a video monitor and video recorder. The micromodel has
tubing lines connecting it to the syringe pump and the pressure transducer which is connected
to the demodulator, voltmeter and pressure recorder. A schematic diagram of the experimental
apparatus is shown in Fig. 1.

A filter was used to reduce the glare from the refraction of light through the sand grains.
The fluids were dyed different colors to help distinguish the interfaces and the wettabilities.
The oil was dyed red and the surfactant was dyed blue.

THE MICROMODEL

Various micromodel constructions were attempted before we found one suitable to our
needs. We first tried using a Teflon gasket situated between two Plexiglas plates with the sand
contained within the gasket. Problems arose because the sand grain size was very small, 120
mesh, making it very difficult to obtain a single layer of sand. Also, the Teflon was held in
place using Room Temperature Vulcanizing Silicone Rubber (RTV). RTV contains silicon and
our concern was it would kill any foam generated by the surfactant. The Teflon also failed to
provide a good seal thus allowing the fluids to escape. We also attempted to use modeling
clay to obtain an imprint of the sand grains and then use resin to obtain a cast. Wax was used
to fill the pore space while the top cast was allowed to cure. Two ports were drilled and the
wax was melted and allowed to flow out leaving void pore spaces. We were unable to extract
all of the wax and the quality of the imprint from the modeling clay was poor.
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The final construction was a modification of our initial attempt. It consists of two
Plexiglas plates measuring 3-1/4 in. in length, 1-7/8 in. in width and 1/2-in. in height. Instead
of Teflon, a rubber gasket was placed between the plates. The plates were tightened with six
bolts, compressing the rubber and thus providing a seal for the fluids passing through the
matrix. Two ports, an inlet and an outlet, on the top plate are used to pass the fluids through
the porous matrix. Figure 2 is a diagram of the micromodel.

The sand grain size is 35 mesh (U.S. equivalent) equal to a mesh opening of 0.495
micrometers. The absolute permeability of the matrix was calculated using Darcy’s Law for
radial flow at the inlet and outlet and linear flow for the area between the ports. The absolute
permeability is approximately equal to 19 Darcys.

EXPERIMENTAL PROCEDURE AND OBSERVATIONS

The surfactant used for the experiments was Shell Enordet AOS 1618. The first run
recorded was the displacement of 1.1% surfactant with CO,. The generation of lamellae could
be observed as the gas broke through. Other runs were of oil displaced by surfactant followed
by CO,. Some runs were made using 1.1% surfactant concentration and other runs using 0.1%
surfactant concentration. For the higher concentration the oil was displaced in large droplets
and as the gas broke through there was some formation of lamellae. For the lower surfactant
concentration, the oil was displaced in smaller droplets. The change was very gradual as the
surfactant displaced the oil and as the gas broke through, there was not as much lamellae
generation as with the higher surfactant concentration.

For the surfactant run the maximum pressure drop was 1.6 psi at a pump rate of
1.28 x 10”2 cm¥min. For the oil and 1.1% surfactant concentration, the maximum pressure
dro? was 0.73 psi while the surfactant was displacing the oil at a pump rate of 1.28 X 1073
cm’/min. For the oil and 0.1% surfactant concentration, the maximum pressure drop was 0.31
psi at a pump rate of 1.28 X 1073 ¢cm®/min.

FUTURE WORK

In the future, runs will be made to observe the effects caused by varying rates,
surfactants, and oils.

REFERENCE

1. Owete, O.S. and Brigham, W.E.: "A Micromodel Study of Foam Flow Through Porous
Media,"” SUPRI TR 37 [DOE/ET/1564-6] (July 1984).
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THE TRANSIENT BEHAVIOR OF SURFACTANT
FOAM FLOW IN POROUS MEDIA

INTRODUCTION

One promising method to improve a steam drive is by the formation of an in-situ foam.
This is accomplished by injecting a small amount of a surfactant along with the steam.
Sometimes also, a noncondensible gas such as nitrogen is mixed in. Foam’s high apparent
viscosity could greatly improve the mobility ratio, and the blocking ability of foam is useful in
reducing the thieving effect of high permeability streaks on premature steam breakthrough. As
reporied by Lescure and Claridge (1986), these beneficial characteristics could also be utilized
to improve the efficiency of other enhanced recovery methods, namely carbon dioxide flooding.

The utilization of foam as a displacing medium was first proposed by Bond and Holbrook
(1958). Not long after this Fried (1961) conducted a number of experiments using foam to
displace brine and/or oil from porous media. For his purposes Fried generated an aqueous
foam external to the porous medium, injected a slug of foam into the medium, and then drove
this slug along by continuous injection of air. Fried showed that the low mobility of the foam
as well as its gas blocking ability contribute to a higher oil recovery and lower gas-oil ratio
than with conventional displacement methods.

The literature survey conducted by Marsden er. al (1977) indicated that the prime
candidate for a blocking agent in steam drives was foam. Subsequently Chiang er. al (1980)
investigated different surfactants and found that indeed, gravity override of gas could be
sharply reduced. They also found that in-situ foaming generally increased with surfactant
concentration until the critical micelle concentration (CMC) was reached. Additional surfactant
beyond the CMC did not affect the foaming process. Wang et. al (1982) studied the ability of
several surfactants to generate foams at steam injection temperatures and pressures. They
achieved promising results with several foamers. Dilgren ezr. al (1982) described reduction of
steam mobility by foam in terms of a permeability reduction factor defined as the ratio of the
permeability of steam in the presence of foam to the permeability of steam in the absence of
foam. They found these factors ranging from 1.0 to 0.025. For their purposes Dilgren e:. al
assumed that the mobility reduction was due to lowered permeability only; no change in
viscosity was considered.

In reality, foam has a measurable viscosity much higher than the viscosity of either its
gas or liquid components. Marsden and Khan (1966) measured foam viscosities using a
modified Fann VG Meter. They found the foam viscosity increased with increasing quality at
a given shear rate. Foam was concluded to be a non-Newtonian fluid by virtue of the fact that
the viscosity decreased with increased shear rate. Marsden and Khan also found that
increasing the surfactant concentration increased the viscosity slightly. These three basic
properties of the viscosity of foam have been confirmed in further studies by other researchers
including Marsden et. al (1967), Raza and Marsden (1967), Mitchell (1969), Minssieux (1974),
Holbrook er. al (1981), and Treinen (1985).

With such general agreement as to the behavior of foam in porous media, more recent
research has concentrated on understanding the causes of such behavior and the key factors
which control it. Beginning with Holm (1968), attempts have been made to establish the flow
paths of gas and liquid when foam is injected into a porous medium. Holm concluded that
foam does not flow as a body even when the liquid and gas were combined and injected as
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foam. There was no free gas flow; the gas moved through the system by progressively
breaking and reforming bubbles through the length of the medium. The liquid was found to
move via the interconnected film network of the bubbles. The respective flow rates were a
function of the number and strength of the films. Owete (1984) observed this mechanism in
micromodels. The stability and bubble making ability of liquid films (lamellae) has therefore
become the crux of many recent studies. The behavior of foam lamellae in smooth capillary
tubes was the subject of a project undertaken by Hirasaki and Lawson (1983). They
discovered the importance of foam texture, or average bubble size in relation to the capillary
tube size; foam quality, or the gas volume divided by the total volume; and the surface tension
gradients created when surfactant is swept from the front of a bubble to its rear. The most
recent work on the subject has dealt with the conditions under which foam bubbles are formed
and/or destroyed using simplified models such as a toroidally constricted capillary wbe used by
Sanchez er. al (1986). They formulated an expression for the generation rate of foam bubbles
based on geometric and fluid properties. Radke and Ransohoff (1986) categorized the
mechanisms of foam generation within glass bead packs. The snap-off mechanism was
concluded to be the primary mechanism responsible for the formation of a strong foam. They
developed a simple model to predict the onset of snap-off. The stability of foam lamellae as
determined by capillary pressure was the subject of a recent study by Khatib ez. al (1986).
The destabilization of foam lamellae by oil droplets was observed by Nikolov ez. al (1986)
using sophisticated microscopic techniques. They have demonstrated that the surfactant type
and concentration directly influence the stability of the three phase emulsion structure.

Most studies up until now have dealt with the steady state operation of foam injection.
One approach not yet thoroughly reported is the investigation of the transient flow behavior of
a foam displacement process. Because many investigators have found that truly steady state
conditions cannot be achieved before a considerable amount of foam has been introduced into a
porous medium, the transient forces are likely to dominate over most or all of the duration of a
field project. A useful tool for planning a foam enhanced injection project would be a
predictive model for the behavior and duration of the transient period of foam generation and
flow in porous media. The first step in creating such a model is, of course, accumulating basic
experimental data. The work reported here is a first atempt to determine the usefulness of an
apparatus redesigned to yield transient foam flow data. The system studied is a one
dimensional, low temperature, low pressure environment.

EXPERIMENTAL EQUIPMENT

The equipment used for this study was the same apparatus originally designed and used
by Treinen (1985) for his study of the apparent viscosity of foam in porous media. Some
modifications have been made for the current experiment. In the interest of continuity the
entire apparatus will be herein described with no distinction between the original version and
the modifications. The following description, therefore, contains some duplication of Treinen’s
efforts.

The schematic in Fig. 1 illustrates the equipment used to produce foam and displace fluid
in a porous medium. Foam of known quality and flowrate was generated from nitrogen and
surfactant solution passing through a foam generator, The foam was then injected into a
sandpack 100% saturated with water. While this displacement was taking place, the absolute
pressure at various points along the sandpack was monitored. Also at this time, the effluent
liquid was collected and running totals of its volume and surfactant concentration were noted.

A more detailed diagram of the equipment is given in Fig. 2. A Matheson Model 8240
mass flow controller was used to regulate the flow of nitrogen. The liquid flow was controlled
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using a Constametric model 3G liquid chromatography pump. To produce foam, nitrogen and
surfactant solution were introduced into a foam generator illustrated in Fig. 3. This generator
is actually a short version of the sandpack, 1 in. in diameter and 3 in. in length, packed with
120-140 mesh Ottawa sand. By controlling the gas and liquid flow rates into this generator, a
uniform foam of desired quality was produced. Before flowing into the sandpack, the foam
went through an observation cell. This cell was constructed by sandwiching a thin Teflon
gasket between two thick, acrylic plastic plates. The thickness of the Teflon gasket, and hence
the separation between the plastic plates, is 0.01 in. An identical observation cell is located at
the outlet of the sandpack.

The sandpack consists of a clear acrylic plastic tube 1 in. in diameter and 24 in. in
length. End butts were designed to promote one-dimensional flow at the sandpack ends by
distributing flow through a number of radial and circular channels. This arrangement is shown
in Figure 4. The sand used in the sandpack was 120-140 mesh Ottawa sand which had been
acid and base washed. Sand migration was prevented by 200 mesh stainless steel screens at the
inlet and outlet, and by in line filters with 60 micron porous elements at the pressure tap
fittings,

To minimize the variation in foam quality due to the expansion of gas, the system was
initially run at an elevated downstream pressure of 50 psig. This was achieved by using a
backpressure regulator. To measure the absolute pressure along the sandpack eight pressure
taps were located at 2, 4, 6, 9, 12, 15, 18, and 21 in. from the inlet. Pressure taps were also
located near the inlet and outlet of the sandpack. Since the number of pressure transducers
initially available was limited to eight, not all of the sandpack pressure taps were utilized. The
inlet and outlet, along with six of the sandpack taps, were connected to differential pressure
transducers. In order to read absolute pressure from a differential pressure transducer, one
must expose the negative side of the transducer to a known, constant pressure. In this case
that pressure could have been atmospheric pressure, but because of the elevated system
pressure this would have necessitated using pressure transducer plates in the 0 to 100 psi
range. With a total flowing pressure drop across the sandpack in the range of 5 psi, these
plates would not have been sensitive enough. For this reason the pressure transducers were
connected to a constant pressure source of 50 psig allowing the use of 5 psi differential
pressure plates in the pressure transducers. In the existing design, the same pressure line is
connected to both the backpressure regulator and the transducer constant pressure. This
arrangement was found to be less than satisfactory because the pressure at which the
backpressure regulator allowed fluids to pass was two to three psi less than the regulator’s
control pressure. Although this pressure discrepancy may seem small, it eliminated most of the
5 psi scale available from the transducers, An alternative design would be to simply separate
these two lines, thereby allowing for different pressures in each.

The response from the transducers was monitored by an Apple II+ personal computer.
The interface between the two devices was an Applied Engineering Twelve Bit Analog-to-
Digital Converter. The main purpose of this computerized setup was to allow for unmanned
operation of the experiment. This capability was not fully utilized in the early experiments,
however, because an important facet of the data was the correlation of pressure behavior with
the observed position of the foam front. The ability to automate the apparatus should still
prove valuable in its future operation.

Samples of the liquid produced were collected in test tubes during each run using an
ISCO Golden Retriever. This device allows samples to be collected on either a volumetric
basis or on a timed interval basis. Using the timing option, the liquid production rate can be
calculated by measuring the volume produced during each time interval.
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PROCEDURE

Prior to each experimental run, the pressure transducers were calibrated. Each
experimental run was begun with a new sandpack. Dry sand was packed into the tube while in
an upright position, while vibration and an induced vacuum were used to enhance settling of
the sand. To ensure consistency, each sandpack’s porosity and permeability were measured
before each run. An estimated porosity was obtained by weighing the tube before and after
packing; the difference being the weight of the sand. Assuming a grain density of 2.65 g/cc,
total pore volume and porosity could be calculated. While still dry, the sandpack’s gas
permeability was then measured using nitrogen, a water manometer, and a bubble flow meter.
After this measurement, the sandpack was alternately flushed with CO, and evacuated several
times. After several of these cycles, the sandpack was flooded with distilled water, Water was
then pumped through at elevated backpressure for about one pore volume. An important factor
in obtaining accurate pressure readings was to be sure that the line leading from each pressure
tap to its transducer was completely water-filled. To do this, the drain screw on each
transducer was opened and left open until water dripped out at a constant rate and no gas slugs
appeared to be escaping. After all transducers had been cleared, the sandpack was
repressurized by pumping more water into it, and the drainage process repeated. The water
permeability was then measured with a water manometer and a graduated cylinder. The water
permeability values obtained were invariably lower than the gas permeability for a given
sandpack. This characteristic was consistent with Treinen’s experience.

A foam flow rate, quality, surfactant concentration, and backpressure were then selected
for each experiment. Foam quality could be calculated by a ratio of volumes.

. Gas Volume
ali =
Quality Gas Volume + Liquid Volume

(1

The difficulty in obtaining a desired quality is the compressible nature of a gas phase. The
foam quality and flow rate were therefore calculated at the midpoint of the sandpack using an
anticipated pressure gradient, Ap. These expected pressure gradients were derived from
Treinen’s steady state data. Soon after the transient data began to come in, the advisability of
using these pressure drops for the present purpose was called into question. There being no
other better means however, this method was continued. The gas flow rate was then found.

14794
14.7 + Ap/2 + backpressure

Qe = (€3]

The liquid phase was assumed to be incompressible. The total foam flow rate is a simple
addition.

Gfoam = Qliquid + gas 3

All parameters were chosen initially so as to attempt to eventually match steady state results.
The observed behavior then provided the impetus for the values chosen in subsequent runs.

The surfactant used in this study was Suntech IV from the Sun Petroleum Products
Company. The surfactant is an anionic sulfonate manufactured from normal hydrocarbons
(Cy5 — Cyg) and tolueme. The average molecular weight was 425 with a critical micellar
concentration (CMC) of 0.28 wt%.
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The desired foam was generated and allowed to flow through the upstream observation
cell and out the auxiliary inlet, while the sandpack remained water saturated, sealed, and
pressurized. When the foam flow was constant and stabilized, the auxiliary inlet was closed
and the foam pressure was allowed to build up to the sandpack pressure. The foam was then
introduced into the sandpack and pressure monitoring and observations begun.

When choosing a time interval for liquid collection, three points should be remembered:

1. Untl gas breakthrough, the liquid production rate equals the total foam injection
rate;

2.  After gas breakthrough, the liquid production rate approximately equals the liquid
injection rate; and

3. The minimum volume needed for a surfactant concentration titration in the expected
range will be about two milliliters.

The collected liquid samples were titrated using a chloroform-hyamine procedure to find the
surfactant (sulfonate) concentration. By knowing the volumes of the samples, their surfactant
concentrations, and the times over which they were taken, a material balance could be
performed for the surfactant in order to determine average in-situ concentration.,

RESULTS AND DISCUSSION

When the apparatus was completed, two test runs were made during which various
problems were encountered that rendered the data obtained erroneous. After these problems
were remedied, one valid run was performed the results of which are presented here. Due to
time limits, a complete history for the system from beginning to steady state conditions was
not obtained. A foam of 90% quality was injected at a rate of 0.1 cc/min. into a sandpack
having a permeability of 6.97 darcies and a porosity of 32%. The surfactant concentration was
0.05 wt%, and the experiment was run at a backpressure of approximately 50 psig. The clear
acrylic tube allowed easy visual observation of the foam front as it progressed through the
sand. Small gas fingers could be seen slightly ahead of a region of apparent uniform gas
saturation. This front traveled through the sandpack relatively quickly and gas broke through
at the outlet after 0.793 pore volumes of foam had been injected. At that time the foam front
was 4.76 cm upstream of the outlet. Fig. 5 shows the exact position of the observed foam
front plotted against the number of pore volumes of foam injected at several times before gas
breakthrough.

The position of the front could also be inferred by noting the higher pressure gradient in
the foam region. Fig. 6 shows the pressure profile in the sandpack at several times prior to gas
breakthrough. The visually observed foam front position is also marked. The large pressure
drop from the inlet to the first pressure tap at 4 in. is believed to occur primarily across the
inlet butt and is not truly indicative of the viscous foam behavior within the sandpack. As can
be seen, the pressure gradient behind the foam front was noticeably steeper than the pressure
gradient in the water zone. The other important feature of this figure is the steepening of the
pressure gradient with time. In other words, as more foam passed through the sand near the
inlet the pressure drop in that region increased. This behavior could also be observed on a
larger scale by plotting the pressure profile across the entire sandpack at times after
breakthrough, as in Fig. 7.
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To check for consistency it is possible to discretize the sandpack into sections of different
lengths. Assuming no change in permeability once foam has saturated a region, an effective
viscosity, R, can be found from the pressure drop.

Hest = kA
¢ Qfoam]-'

Ap C)

According to the pressure behavior, as more foam passes through a given volume of sand the
Resr should rise. The results of this calculation for the entire sandpack are shown in Fig. 8.
The effective viscosity was then calculated for several sections of the sandpack. The
comparison was poor for sections close to the inlet. The reason for this could be the rather
large, constant pressure drop across the inlet butt which masked the foam viscosity effects.
Figure 9 shows the results of this calculation for the first 12, 18, and 21 in. of the sandpack.
As can be seen, these sections compared fairly well to each other and to the entire sandpack.
This seems to indicate that the foam viscosity is a function of the throughput of foam, and that
this dependence did not vary with scale.

Certainly this behavior is due in part to surfactant adsorption onto the sand grains. In an
attempt to find the amount of surfactant adsorbed, two parameters must be estimated: the
average liquid saturation and the total amount of surfactant within the system. By finding the
surfactant concentration in the liquid produced, a material balance can be performed on the
surfactant to yield the amount in the sandpack at any time.

Figure 10 shows the volume of liquid produced as a function of the volume of foam
injected. From this figure it is clear that at early times the volume of liquid produced is nearly
equal to the volume of foam injected. After breakthrough of gas, the liquid production rate
decreases. Notice that the curve is slightly concave downwards, thus indicating a gradually
increasing gas saturation.

Figure 11 shows the effluent surfactant concentration as a function of the volume
injected. Notice that 8-10 pore volumes of foam were injected before the surfactant
concentration started to rise significantly. This shows that the surfactant was retained in the
porous medium, presumably by adsorption. Material balances on the data from Figs. 10 and
11 could be used to calculate the amount of surfactant retained in the core. This has not been
done as yet; but will be in the future,

A difficult value to get a handle on is the average liquid saturation in the foam-filled
region. An estimate can be obtained, however, by assuming an average gas saturation within
the short region of gas fingers extending from the foam front to the outlet. An estimate for
this gas saturation can be obtained using Buckley-Leverett fractional flow theory along with an
empirical relative permeability curve for the sandpack.

Using the relative permeability curves of Fig. 12, the gas fractional flow curve predicts an
average gas saturation of 0.24 ahead of the foam front (Fig. 13). Using this value, it should
thus be possible to calculate the average gas saturation in the foam zone both prior to, and
after, breakthrough. This type of calculaton would be useful to relate the saturation and
mobility data in the experiment, and such calculations will be made in future runs.
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ABSTRACT

The apparent viscosity of surfactant foam in a sand pack model was meas-
ured at reservoir flow velocities. The effects of foam quality, surfactant concen-
tration, and flow rate were investigated.

Ottawa sand, 120 to 140.mesh, was packed into a 1 by 24 inch tube. Porosi-
ty was 38%, and permeability ranged from 5 to 8 darcies. Foam of a known quali-
ty and flow rate was continuocusly injected into the sand pack until a steady state
condition was reached. Pressure drop was measured across three different seg-
ments of the sand pack. A system back pressure of 50 psig was applied to
minimize changing foam gquality caused by gas expansion. The surfactant used in
this study was Suntech IV. All measurements were made at room temperature.

Results show that the apparent viscosity of surfactant foam ranges from 50
to 70 centipoise at reservoir flow velocities. Increasing the foam quality
corresponded to a small increase in the apparent viscosity of foam. Changes in
surfactant concentration from 0.005 to 0.05 wtZ% caused a rapid increase in ap-
parent viscosity. Changes in concentration above 0.05 wtZ had little effect on
apparent viscosity. Increasing the flow rate resulted in a reduction of the ap-
parent viscosity of foam. This pseudo-plastic flow behavior has been widely re-
ported in the literature. The apparent viscosity of foam in porous media was
significantly effected by flow rate history.
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1. INTRODUCTION

In 1958 Bond and Holbrook proposed that a mixture of gas and surfactant
solution could be used as an oil recovery agent. Since that time surfactant
foams have been applied in many areas of the petroleumn industry. In steam
injection pilot studies, improved recovery of oil with surfactant foams have been
reported by Doscher and Kuuskraa (1982), Dilgren (1982), Strom and Brigham
(1984), and Ploeg and Duerksen {1985). Applications of surfactant foams as a
sealant in gas storage reservoirs have been reported by 0'Brien (1967), Bernard
(1967), Holm (1868), and Albrecht and Marsden (1970). Foam has also been
applied in drilling, well bore clean up, and well stimulation.

An important property of foam is its viscous behavior in porous media.
Sibre {1943) was probably the first to note the markedly greater viscosity of
foam in comparison to its gaseous and liquid components. The mechanism
responsible for the viscous behavior of foam is not completely understood.

Several authors have proposed mechanisms or observed flow patterns per-
tinent to the viscous behavior of foam in porous media. Fried (1961) proposed
that foam moves through pore spaces as a body. Raza and Marsden {1985)
reported pseudo plastic behavior for foam flow in capillary tubes. Holm {1968)
suggested that different flow patterns exist for gas and surfactant solution. Holm
proposed that gas flows as a discontinuous medium separated by liquid lamella.
The lamella could break and reform as gas passes through pore channels.
Separate fixed channels allow independent liquid flow. Holm also claimed that
the contribution to the liquid flow in the form of lamella was negligible in com-
parison to that of the liguid channels. Hirasaki and Lawson (1983) concluded
that the viscous behavior was the result of three phenomenon; liquid slug flow
between bubbles, bubble deformation at pore constrictions, and surface tension
gradients near gas liguid interfaces.

In the literature the viscous behavior of foam has been reported in many
ways. Bernard and Holm presented the effects of foam in porous media as frac-
tional permeabilities for gas (1964) and water (1965). Marsden and Kahn (1966)
reported ratios of effective permeability to apparent viscosity as well as ratios
of relative permeability to apparent viscosity. Minssieux {1974) used Darcy’s law
to calculate the apparent viscosity of foam in porous media. Dilgren et al. {1982)
presented the results of foam flow experiments in terms of permeability reduc-
tion factors. Heller et al. {1982) reported mobility ratios and relative mobility
ratios equivalent to the ratios of Marsdan and Kahn (1966). In the same paper,
Heller also compared the results from several papers and found general agree-
ment if the data was expressed as relative mobility.

As it is not clear that any one method of representing the viscous behavior
of foam is superior to the others, apparent viscosity has been chosen as the
parameter to report the behavior of foam in this paper. This is not meant to
imply that foam flows as a body through porous media, since it has been shown
on a microscopic scale that the flow behavior of foam is quite complex. However,
on a macroscopic scale bulk flow of foam may not be a bad assumption.
Apparent viscosity has been chosen since the magnitude of the viscosity reflects
the viscous behavior of foam in comparison to the gas and surfactant phases.
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The magnitude of the viscous behavior of foam in porous media as reported
in the literature covers a large range. Several papers reported apparent viscos-
ity of foamn in porous media or provided data from which apparent viscosity
could be calculated. Aizad and Okadan (1977) reported values from 3 to 12 cen-
tipoise for one surfactant and 20 to 90 centipoise for a different surfactant. Ali
et al. (1983) recorded differential pressures from which apparent viscosities of
3 to 7 centipoise could be calculated. Heller et al. (1982) summarized the
results of several previous papers by reporting relative mobilities. The units of
Heller’'s relative mobility is reciprocal centipoise. By inverting Heller's values, a
range of 1.5 to 840 centipoise was obtained.

Previous work in the literature on foam flow in porous media had been con-
ducted at flow velocities from 200 to 1500 feet per day. This range of flow veloci-
ties may be applicable near the well bore and in high permeability streaks; how-
ever, this range would not apply once mobility control or streak blockage has
been attained, which is the desired eflect of surfactant foam. The goal of this
project was to measure the viscous behavior of surfactant foam at reservoir flow
rates. The effects of foam quality, surfactant concentration, and flow rate were
also studied.
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2. EXPERIMENTAL EQUIPMENT

The simple diagram in Fig. 1 illustrates the method used to measure the
apparent viscosity of foam in porous media. Foam of a known quality and flow
rate was generated from nitrogen and surfactant solution passing through a
foamn generator. The foam was then passed through a sand pack of known per-
meability. After a period of time needed to reach steady state conditions, the
differential pressure across the sand pack was recorded. The apparent viscosity
was then calculated using Darcy’s law.

GAS
SOURCE L, A, and k known
f FOAM N
> D PACK
Py GENERATOR | ~ SAN ?
SURF. -
PUMP p

Steady Slale

Fig. 1. Simple Flow Diagram

The equipment used in this study is more complex than that of the simple
diagram. Figure 2 is a schematic of the actual equipment used in this study. The
components were chosen to achieve two design criteria, flow velocities on the
order of 1 ft/day and one dimensional flow of foam.

A Matheson model 8240 mass flow controller was used to regulate the flow of
nitrogen. The surfactant flow was controlled using a Constametric model 3G
liquid chromatography pump. The two phases were introduced into a foam gen-
erator (Fig. 3). The foam generator is actually a short sand pack, 1 inch in diam-
eter and 3 inches in length, packed with 120-140 mesh Ottawa sand. As the two
phases percolate through the sand a uniform foam is produced. By precise regu-
lation of the nitrogen and surfactant flow rates, foam of a desired quality and
flow rate can be produced.
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The produced foam then flows through an observation cell, where the tex-
ture of the foam can be observed and photographically recorded. The observa-
tion cell was constructed by sandwiching a thin Teflon template between two
thick acrylic plastic plates. The separation between the plates was fixed by the
thickness of the Teflon template. By trial and error a thickness of 0.01 inches
was found to be suitable for the observation of foam.

The dimensions of the sand pack were chosen to be 1 inch in diameter and
24 inches in length. Based on the minimum controlled flow rate available from
the surfactant pump, which was the limiting factor, 1 inch was found to be the
smallest workable diameter. This diameter allowed a flow velocity of 2.8 ft/day
at a quality of 90%. It was initially felt that surfactant flow rates could be
achieved to produce a 95% guality foam, however this was found not to be possi-
ble. Based on expected apparent viscosities, the 24 inch length was picked to
produce measurable pressure drops. FEnd butts were designed to promote one
dimensional flow at the sand pack ends (Fig. 4). The tube used for the sand pack
was made of acrylic plastic, allowing observation of foam movement in the sand
pack.

\ -\\m%/[

oo
YW \
N

Fig. 4. End Butt Design

The sand used in the sand pack was 120-140 acid and base washed QOttawa
sand. This was the same sand that was used in the foam generator. Stainless
steel screen of 200 mesh was placed at the inlet and outlet to prevent sand
migration. Pressure tap fittings in the sand pack wall were stuffed with glass
wool to serve this same purpose.



Pressure measurement was achieved with three differential pressure trans-
ducers placed across different segments of the sand pack. One transducer
recorded the pressure drop across the entire sand pack. The other two trans-
ducers were used to record differential pressures across six inch sections
comprizing the second and third quarters of the sand pack. The response from
the transducers was continuously recorded on a triple pen strip chart recorder.
Sporadic trouble was encountered with one and occasionally both of the inner
sand pack transducers. For some reason which has not been completely
resolved, the differential pressure across these transducers sometimes became
locked at some low value. The only method found to relieve this problem has
been by the removal of the sand pack. For this reason it is suspected that the
cause of the problem occurs at the pressure tap connection to the sand pack. A
possible source of this problem could be the dense wad of glass wool stuffed into
the sand pack wall fittings. The glass wool prevents migration of sand into the
pressure tap lines. If this glass wool becomes impregnated with foam the
transmission of pressure to the transducers may be impaired. In the experi-
ments where the transducers responded normally, average pressure drops were
calculated from normalized differential pressures. This data is presented in the
appendix of this report. In a significant number of experiments the values
obtained from the differential transducers showed substantial variation. The pat-
tern of variation was fairly constant throughout experiments in each sand pack.
This variation eould be caused by either inaccurate transducer calibration or
stable heterogeneous flow behavior of foam. In summary consistent data from all
three pressure transducers at once was difficult to obtain and judgement was
necessary in the analysis of the differential pressure data.

A second observation cell, identical to that described previously, was used
to view the texture of the foam after passing through the sand pack.

Elevated system pressures were found to be necessary to minimize the
change in foam quality due to the expansion of gas. The importance of high sys-
tern pressures is shown in Table 1. This table shows the variation in foam quality

TABLE 1. BACK PRESSURE EFFECTS ON FOAM QUALITY VARIATION

Back Pressure Atmospheric 50 psig
Inlet Midpoint Qutlet | Inlet Midpoint Outlet
Pressure (psia) | 18.3 16.5 14.7 68.3 66.5 64.7
Quality (%) 67.8 70.0 72.4 69.4 70.0 70.8

for a system with an outlet pressure at atmospheric pressure and also at 50
psig. This data has been calculated using Boyle's law for the ideal expansion of
gas. The flow rates of nitrogen and surfactant are set to produce a target guality
of 70% at the sand pack midpoint. The pressure drop of 3.6 psi is typical of the
data recorded in this study. For the system operated at atmospheric pressure,
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the foam quality departs from the target quality by more than 2 percentage
units. Eowever by applying 50 psig of backpressure, this departure from the
desired quality has been reduced to less than 1%. Thus by using 50 psig of back
pressure, the quality of foam throughout the sand pack can be kept reasonably
constant. A back pressure of 50 psig was used in all tests of this study.

Although the application of a back pressure regulator reduces changing
quality problems, it also introduces fluctuating system pressures. For
diaphragm type back pressure regulators, the rise and fall of the system pres-
sure is directly related to the differential pressure required to open and close
the diaphragm seal. In typical back pressure regulators this pressure oscillation
is about 5 to 10 psi. When trying to measure differential pressures of 3 psi, this
can be a major problem. Figure 5a shows a schematic of the back pressure regu-
lator used in this study as initially received from the manufacturer. The
diaphragm material is a 1/4 inch thick Teflon disk. To reduce the magnitude of
the pressure fluctuation, the Teflon was replaced by a thin Neoprene gasket
(Fig. 5b). To prevent extrusion of the gasket, a brass 'thumbtack like’ pin was
placed in the outlet port. The surface of the metal under the pin was also
roughened to prevent the pin from sealing the outlet. With this modification, the
back pressure regulator will open and close over a 1/4 psi pressure change.

Gas Cas
Preasure Pressure

h Diaphragm m
: l

Inlet

Outlet | Outlet

(a) before (b) after

Fig. 5. Back Pressure Regulator Modification

Additional features of the apparatus include numerous valves for the
preparation of the sand pack and calibration of pressure transducers. The sys-
temn has been designed to operate at room temperature and pressures up to 125
psig. A resealing pressure relief valve has been preset to release at 125 psig.
Pressure testing of components was conducted at 200 psig.
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3. PROCEDURE

Experiments were conducted in four sand packs. Dry sand was packed into
the tube while in a vertical position; vibration and air flow were used to promote
close packing of sand grains. Air flow was obtained by attaching a vacuum line to
the bottom of the tube. An estimate of the sand pack porosity was made from
the weight of the sand and the volume of the tube. This calculation assumed a
sand grain density of 2,65 g/cm?. Air permeability was measured using a water
manometer and a bubble flow meter.

The sand packs were saturated with either water or surfactant solution.
This was achieved by several cycles of evacuation and €0, flushes, and then a
final evacuation and flush with the fluid of choice. Water permeability was meas-
ured with a water manometer and a graduated cylinder. A second estimate of
porosity was obtained from the difference in weight between the dry and
saturated sand pack. Although the measured air and water permeabilities agree
to a reasonable extent, calculations using absolute permeability used the air
permeability value since these values were measured with greater accuracy.
Table 2 lists the recorded sand pack properties.

TABLE 2. SAND PACK PROPERTIES

Sand | Length | Area | ®4, | Pye kg Ky

Pack | (em) | (em?) | (%) | (&) | (@) | (d)

1 60.01 4.48 37.8 | 39.9 | 5.18 -

2 60.01 4.48 38.5 - 8.55 | 8.04
3 60.60 4.48 37.2 | 38.3 | 7.18 | 6.62
4 60.80 4.48 37.9 | 38.2 | B.08 | 7.08

By precise regulation of nitrogen and surfactant flow rates, foam of a known
quality and flow rate was in injected into the sand pack. Foam quality was
defined on a volumetric basis from the gas and surfactant phases.

Gas Volume (1)

Quality, TI' = Gas Volume + Surfactant Solution Volume

The flow rate of foam was calculated at the sand pack midpoint and is simply the
sum of the gas and surfactant solution rates.

Volumetric Flow Rate, g = g5 + g, (2)
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Since gas is highly compressible, the gas flow rate at the midpoint must be cal-
culated using Boyle's law for the ideal expansion of gas.

14.7 gy
9y = (3)
Ap ;
14.7 + 5+ Back Pressure (psig)

The surfactant solution was treated as an incompressible phase. The flow velo-
city reported in this study was calculated from the volumetric flow rate and the
sand pack properties,

Flow Velocity, g4 = Zq*? (4)

where A is the cross sectional area and & is the porosity.

Depending upon the foam quality, flow rate, surfactant concentration, and
the initial conditions, a variable period of time was required to reach steady
state flow in the sand pack. In the first experiments low surfactant concentra-
tiocn foam displaced water. In this case adsorption of surfactant on the sand
grains combined with the slow rate of surfactant injection significantly increased
the time required to achieve steady state flow, By starting with a surfactant
saturated sand pack, adsorption of the sufactant from foam was eliminated and
steady state was reached in a, much shorter period of time.

Once steady state flow of foam through the sand pack was established, the
differential pressure was recorded. The apparent viscosity of foam was calcu-
lated using Darcy’s law.

Apparent Viscosity, e = -’C;;EB— (5)

To produce a foam of a different quality and/or flow rate, the rates of nitro-
gen and surfactant were changed. This new foam displaced the previous foam.
Steady state conditions under these new conditions were always attained when
approximately one pore volume of new foam had been injected. Care was taken
to maintain steady flow rates during foam quality or surfactant concentration
changes since it was found that flow rate changes can significantly alter the
viscous behavior of foam. Changes in surfactant concentrations were always
made toward more concentrated solutions. This pattern was followed to avoid
any irreversible adsorption characteristics of the surfactant.

The surfactant used in this study was Suntech IV from the Sun Petroleum
Products Company. The surfactant is an anionic sulfonate manufactured from
normal hydrocarbons {C,;s — C,g) and toluene. The average molecular weight was
425 with a critical micellar concentration of 0.28 wi%.
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4. OBSERVATIONS OF FOAM FLOW

The acrylic tube used for the sand pack allowed visual observation of foam
displacing fluid. In the experiments where foam displaced water, two distinct
fronts in the sand pack were observed, a sharp piston like foam front and a
fingering gas front. The development of two fronts is the result of adsorption of
surfactant on sand grains. As the quantity of surfactant in the fluid phase of the
foam decreases below some minimum foaming concentration, gas is no longer
held in the foam and can finger ahead into the water saturated region. This
behavior is illustrated in Fig. B8a. The position of the foam front was evident,
since a homogeneous foarn filled sand was sharply separated from the region
where both gas and water pockets could be observed. Incident to the position of
the foam front, sharply increased differential pressures were observed. This
pressure increase is believed to be a relative permeability effect separate from
the viscous behavior of foam. Steady state conditions in the sand pack were
reached at some time after the foam front traversed the length of the sand
pack, indicating that surfactant adsorption was still continuing behind the front.
Steady state was not achieved until approximately 10 pore volumes of foam had
been injected into the sand pack.

In experiments where foam was injected into a surfactant saturated sand
pack, steady state conditions were achieved after only 1.5 pore volumes of injec-
tion. By saturating the sand pack with surfactant solution, adsorption processes
were complete before foam displacement. Foam fronts were not degraded by
adsorption and piston-like displacement was observed in the sand pack as illus-
trated in Fig. 6b.
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Fig. 6. (a) Foam Displacing Water
(b) Foam Displacing Surfactant

In experiments where foam displaced a foam of different quality and/or sur-
factant concentration, a discernable front could not be observed in the sand
pack. In fact due to the small grain size of the sand used, movements of foam
bubbles or lamella could not be observed. If only foam quality was changed
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steady state was reached after one pore volume of injection. If the surfactant
concentration was changed, three pore volumes of injection were usually
required to achieve steady state.

Foam quality and surfactant concentration have significant effects on the
texture of foam as observed in the observation cells. It must be noted that foam
behavior in the observation cell may not reflect the true behavior in the porous
media. For instance, the physical size of the bubbles in the observation cell are
usually 10 to 15 times larger than the pore spaces of the sand pack. Neverthe-
less, an observed change in foam texture usually corresponded to changing
apparent viscosity in the sand pack.

Considering the bubble size observed in the visual cells, one can speculate
on the bubble size of surfactant foam in porous media. Since bubbles smaller
than pore size were never seen in the visual cells, it appears certain that bub-
bles smaller than pore size do not osccur in the porous media. As the gas exits
the sand pack, lamella should form more often than they are broken. This pat-
tern would generate bubbles that are smaller than the bubbles in the porous
media. This observation is important, since it supports the theory that the
viscous behavior of foam is caused by the breaking and reforming of lamella at
pore throats. The fact that the bubtlie size observed was always greater than the
pore size of the porous media precludes bulk movement of very small bubbles
through the porous medium.

At high surfactant concentrarions (0.05 to 0.3 wt%) foam texture was
independent of concentration. Over this concentration range the following obser-
vations were made as foam quality increased (re:sr to Fig. 7). At a quality of 70%
bubble size was uniform and approxiamately 0.210” in diameter. Bubble shape
was approximately spherical. Increasing foam quality was marked first by distor-
tion of bubble shape, a flattening of the surface where two bubbles touch. At 80%
quality a small bubble was present in the nook between three bubbles. When
quality reached 90% clusters of small bubbles were present along with groups of
larger bubbles of up to 0.070" across. In the larg.r sizes, bubble walls were often
shared between adjacent bubbles. As flow volocity increased, bubble size
decreased for high surfactant concentration foa..1. Measurements of bubble size
are not availible since photographs, regrettably, were not taken of these experi-
ments.

For low surfactant concentrations (0.005 ind 0.01 wt%) increasing foam
quality had dramatic eflects on foam texture. /t 70% quality the foam was not
uniform. Bubble size ranged from approximate:y 0.025 to 0.002" in diameter.
Bubble shape was spherical. As qua.ity increase, bubble size and size distribu-
tion increased. Foam broke dcwn into a free gas and a fluid with large distorted
bubbles at 75% quality for the 1.005 wt% solution and at 85% wt% for the 0.01 wt%
solution. Figure 8 illustrates th= benavior of the 0.01 wt% surfactant foam. The
obvious reason for this behavior is insufficient curfactant in solution for stable
foam as the gas-liquid surface area increases and the volume of solution
decreases, the result of increasing foam qualit:. Flow velocity experiments at
low surfactant concentration were not made.
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5. APPARENT VISCOSITY MEASUREMENTS

Although the same sand and packing techniques were used in the prepara-
tion of all sand packs, a small distribution in the sand pack permeability was
observed {see Table 2). To evaluate the effects of this permeability range on
apparent viscosity the same experiment was conducted in three sand packs and
the results were compared. Apparent viscosities were measured at a flow velo-
city of 2.8 ft/D using 0.05 wt% surfactant solution at foam qualities from 70 to
80%. The results are shown in Fig. 9. Note that the data from the 5.2 darcy sand
pack lies between the data from the 7.4 and 8.6 darcy sand packs. Thus for this
range in permeability the scatter in the data mask any eflects of permeability
on apparent viscosity.
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Fig. B. Permeability Effects on the
Apparent Viscosity of Foam

28-56



By the simplest of methods, merely shaking solutions of surfactant, the
minimum foaming concentration of Suntech IV in water was found to be 0.005
wt%. Measurements of apparent viscosity were conducted on surfactant solu-
tions varying in concentration from the minimum foaming concentration up to
0.3 wt%. The flow velocity for these experiments was 2.8 ft/D. The results for a
foam quality of 70% are shown in Fig. 10. Initially the apparent viscosity
increases rapidy with concentration, however the data indicate that at high con-
centrations apparent viscosity becomes independent of surfactant concentra-
tion. This is observed as a plateau in the data as concentration exceeds 0.05 wtZ.
The results of increasing foam quality on apparent viscosity are shown in Fig. 11.
In this plot apparent viscosity is plotted against quality for surfactant concen-
trations from 0.005 to 0.3 wit%. Again the independence of apparent viscosity on
concentration is observed at the concentrations of surfactant above 0.05 wtX.
The data for the 0.01 wt% solution however shows an interesting behavior. At
lower qualities apparent viscosity is significantly larger than the 0.005 wt% data,
but at qualities greater than B80% the apparent viscosity for 0.01 wtZ drops to
that of the 0.005 wt¥% solution. This behavior corresponds with observations
made in the visual cells. For this particular concentration free gas was ohserved
when quality exceeded 85%. This drop in apparent viscosity with increasing qual-
ity could be caused by an insufficient surfactant concentration to maintain
stable foam as quality increases.

Figure 12 shows the relationship between surface tension and the concen-
tration of Suntech IV. The surfactant concentrations used in this study all lie in
the region of the curve where the interfacial tension between gas and surfactant
solution becomes independent of surfactant concentration. In particular the
high sufactant concentrations, 0.05 to 0.3 wit%, are near the critical micellar
concentration for Suntech IV which is 0.28 wt%. Since the formation of micelles
places an upper limit on the surfactant available for the generation of foam, it
follows that apparent viscosity would be expected to plateau as surfactant con-
centration approaches the critical micellar conecentration.

Figure 13 shows the relationship found between apparent viscosity and foam
quality. Four or more data points were used to calculate an average and stan-
dard deviation (error bars) at each quality. This data set combines all data col-
lected for sufactant concentrations of 0.05 wt% and greater. The flow velocity for
all data was 2.8 ft/D. From the graph, apparent viscosity increases slowly with
foam quality. The shape of the curve is important, as the slope of the curve is
nearly uniform thoughout the gquality range measured. This is quite different
from the capillary tube data of Holbrook, Patton, and Hsu (1981) where the slope
of the apparent viscosity curve increases dramatically over the same quality
range. This difference suggests that the behavior of foam measured outside of
porous media may have little bearing on behavior inside of porous media.

The data on the effects of flow velocity on apparent viscosity are shown in
Fig. 14. Measurements were made with 90% quality foam at 0.05 wt% surfactant,
at flow velocities ranging 2.8 to 28 ft/D. The data show the non-Newtonian
behavior of foam reported by Raza and Marsden (1985). A one order magnitude
increase in flow velocity resulted in a 50% reduction in the apparent viscosity of
foam. The relationship between apparent viscosity and flow rate appears to be
linear, however more data would be necessary to confirm this trend.
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Figure 15 shows an eflect of flow rate history on apparent viscosity.
Apparent viscosity is graphed against foam quality. The data in the lower curve
has been previosly shown in Fig. 13, and represents the behavior of foam at a
flow rate of 2.8 ft/D. The data in the upper curve were also collected at a flow
rate of 2.8 ft /D, however this flow velocity was preceded by a flow velocity of 28
ft/D. The mechanism causing the flow rate history effect is not known, nor have
any reasonable explanations been proposed. This property of foam has promis-
ing applications. The viscous behavior of foam is the important property of foam
necessary to control mobility. By changing the flow velocity of foam in porous
media, it appears that a low viscosity foam can be transformed into a higher
viscosity foam. Techniques based on this behavior could be employed to reduce
the injectivity problems associated with foam while placing high viscosity foam
in regions were mobility control is desired.
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6. CONCLUSIONS

Based on the results of this study the following conclusions can be made on
the flow of surfactant foam in porous media:

(1)
()

(3

(4)
(5)

(6)
(7)
(8)

At low concentrations apparent viscosity of foam increases sharply
with surfactant concentration.

At concentrations near the surfactant critical micellar concentration
(CMC), apparent viscosity of foam becomes independent of surfactant
concentration.

At concentrations approaching the CMC, apparent viscosity increases
slowly with foam quality.

The texture of foam is significantly effected by quality.

At low surfactant concentrations, apparent viscosity can decrease with
increasing foam quality.

Apparent viscosity of foam varies from 50 to 70 centipoise in darcy
sand packs at reservoir flow rates.

Increasing flow velocity causes a significant decrease in the apparent
viscosity of foarn.

The flow history of surfactant foam in porous media has significant
eflects on the apparent viscosity of foam.
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7. RECOMMENDATIONS FOR COMPLEMENTARY WORK

This study has only scratched the surface of the information necessary to
understand the flow behavior of surfactant foam in porous media. The following
recommendations for future work are presented for three areas; equipment
modifications, experiments to complete the work of this study, and complemen-
tary studies on the behavior of foam in porous media.

The equipment worked well except for the inner sand pack pressure trans-
ducers, which often gave erroneous readings. The suspected cause of this mal-
function is the wad of glass wool placed in the pressure tap fittings to prevent
sand migration. Fittings with an integral stainless steel screen are suggested as
a possible solution to this problem. The limiting factor in the generation of high
quality foam was the minimum stable flow rate of the surfactant pump. An
adjustment in the operation of the system that may allow a lower surfactant flow
rate would be an increase in the system back pressure. The pump used in this
system employs pistons and check valves. At low flow rates the check valves seal
too slowly and significant back flow occurs. Operating the system at higher pres-
sure can reduce this problem. For the current system the recommended system
back pressure is 120 psig. Operation at this system pressure may allow the gen-
eration of a 95% quality foam at a flow velocity of 2.8 ft/D. Further increases in
foam quality require either pump modification or replacement, or alternatively
higher total flow rates.

To completely define the surfactant concentration effects, additional data
are needed at both low and intermediate concentrations. Additionally, gas and
water data without surfactant would provide a base line for the surfactant con-
centation data. There is also a need to extend the data set to include 95% and
possibly 98% foam quality data. As discussed earlier, this can be done with pump
modifications or at higher total flow rates. The data on the effects of flow velocity
on apparent viscosity should be extended to velocities of 100 to 150 ft/D. This
additional data would better define the shape of the apparent viscosity curve for
flow velocity effects.

Future studies to complement this work should include studies over a wide
range of permeability. Interesting work might include low quality foam injection
to study the critical gas saturation behavior of foam. The acrylic sand pack tube
is ideal for this study since the velocity of the foam front can be directly
observed. To avoid confusing adsorption effects this work should be conducted in
surfactant saturated sand packs. In order to apply the flow behavior of foam in
this study to surfactants other than Suntech IV, the relationship between
viscous behavior of foamn and surfactant chemical structure should be studied in
detail.

Since significant volume of injected surfactant was required to reach steady
state and since this behavior is probably due to adsorption effects; studies on
the transient nature of the flow viscosity of foam in porous media are necessary.
The parameters that are expected to have a significant effect on the transient
viscosity behavior of foam are velocity, quality, the nature of the porous media,
and the nature of the fluids in place.
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APPENDIX

DATA TABLES

This appendix contains the raw data collected in this study. Also contained
in this appendix are tables which contain the data presented in the graphs of
this report.
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Table A-1

Differential Pressure Data

Differential Pressure {psi)
Experiment | Sand Pack
#
Entire gnd 3rd
Sand Pack | Quarter | Quarter
2 1 3.61 0.91 -
3 1 4.12 1.08 -
4 1 4.48 1.14 -
5 1 17.8 4.79 -
6 1 4.83 1.27 -
7 1 5.45 1.47 -
8 1 5.70 1.62 -
9 1 5.18 1.88 -
10 1 20.1 5.81 -
11 1 14.7 - -
16 2 - 0.61 -
17 2 - 0.57 -
18 2 - 0.59 -
19 2 3.33 0.62 -
20 2 5.38 0.89 -
21 2 5.30 0.84 -
22 2 5.25 1.00 -
23 2 9.48 2.34 -
24 2 10.1 2.35 -
25 2 11.3 2.59 -
26 2 12.7 2.87 -
29 3 3.13 0.55 0.51
30 3 3.83 0.63 0.62
31 3 3.75 0.65 0.64
32 3 3.563 0.52 0.58
33 3 3.73 0.55 0.55
34 3 3.73 0.59 0.56
35 3 3.80 0.62 0.64
36 3 3.88 0.86 0.65
37 3 3.60 0.54 0.53
38 3 3.80 0.57 0.56
39 3 3.80 0.59 0.57
40 3 3.98 0.64 0.63
41 3 3.83 0.62 0.61
42 3 3.73 0.55 0.56
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Table A-1 Continued

Differential Pressure Data

Differential Pressure (psi)

Experiment | Sand Pack
#
Entire and 3rd
Sand Pack | Quarter | Quarter

48 4 0.90 - -
47 4 0.88 - -
48 4 0.80 - -
49 4 0.85 - -
50 4 0.74 - -
51 4 1.45 - -
52 4 1.50 - -
53 4 1.47 - -
54 4 0.85 - -
55 4 0.78 - -

28-68




Table A-2

Normalized Pressure Data

Length {cm)

Normalized Ap (1072 atm/cm)

Exp. Average
# Ap/L
Entire 27 and 3™ Entire grd ard
Sand Pack Quarters Sand Pack | Quarter | Quarter | (1072 atm/cm)
2 60.01 15.24 4.09 4.06 - 4.08
3 60.01 15.24 4.67 4.82 - 4.75
4 60.01 15.24 5.08 5.09 - 5.09
5 60.01 15.24 20.1 21.4 - 20.8
8 60.01 15.24 5.48 5.67 - 5.58
7 60.01 15.24 6.18 6.56 - 6.37
8 60.01 15.24 6.46 7.23 - 6.85
9 60.01 15.24 5.87 7.41 - 6.64
10 60.01 15.24 22.7 £5.9 - 24.3
11 60.01 15.24 16.6 - - 16.6
18 60.01 15.24 - 2.72 - 2.72
17 60.01 15.24 - 2.55 - 2.55
18 80.01 15.24 - 2.63 - 2.63
19 60,01 15.24 3.78 2.77 - 3.28
20 60.01 15.24 6.10 3.97 - 5.04
21 60.01 15.24 6.01 3.75 - 4.88
22 80.01 15.24 5.95 4.46 - 5.21
23 60.01 15.24 10.7 10.4 - 10.6
24 60.01 15.24 11.5 10.5 - 11.0
25 60.01 15.24 12.8 11.6 - 12.2
26 60.01 15.24 14.4 12.8 - 13.6
29 60.80 15.24 3.51 2.46 2.28 2.75
30 60.80 15.24 4.08 2.81 2.77 3.22
31 60.60 15.24 4,21 2.90 2.86 3.32
32 60.80 15.24 3.86 2.32 2.50 2.93
33 60.60 15.24 4,19 2.46 2.46 3.04
34 B80.60 15.24 4,19 2.63 2.580 3.11
35 650.60 15.24 4.27 2.77 2.86 3.30
38 60.60 15.24 4,36 2.95 2.90 3.40
37 60.860 15.24 4.40 2.41 2.37 2.94
38 60.60 15.24 4.27 2.55 2.50 3.11
38 60.60 15.24 4.27 2.63 2.55 3.15
40 60.80 15.24 4.47 2.86 2.81 3.38
41 60.60 15.24 4.30 2.77 2.72 3.26
42 60.60 15.24 4.19 2.46 2.50 3.05
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Table A2 Continued

Normalized Pressure Data

Length (cm)

Normalized Ap (1073 atm /cm)

Exp. Average

# Ap/L

Entire 2nd ang 3¢ Entire gnd ard

Sand Pack Quarters Sand Pack | Quarter | Quarter | (1073 atm/cm)

46 60.60 15.24 1.01 - - 1.01
47 80.60 15.24 0.99 - - 0.99
48 60.60 15.24 0.90 - - 0.80
49 60.60 15.24 0.95 - - 0.95
50 60.60 15.24 0.83 - - 0.83
51 60.60 15.24 1.63 - - 1.63
b2 60.60 15.24 1.68 - - 1.68
53 60.60 15.24 1.65 - - 1.65
54 60.60 15.24 0.95 - - 0.95
55 60.60 15.24 0.88 - -

0.88
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Table A-3

Apparent Yiscosity Data
Exp. | Surf. Flow Flow Quality Average kg Ua

# Conc. Rate Velocity Ap/L
(wtz) | {(cm3¥/min) | (ft/D) (%) (1073 atm/cm) | (d) | (cp)
2 0.05 0.1 2.8 70 4.08 5:.16 | 566.8
3 0.05 0.1 2.8 80 4.75 5.16 | 65.9
4 0.05 0.1 2.8 90 5.09 5.16 | 70.6
5 0.05 1.0 28.0 90 0.8 5.18 | 28.8
8 0.3 0.1 2.8 70 5.58 516 | 77.4
7 0.3 0.1 2.8 80 6.37 5.16 | 88.4
8 0.3 0.1 2.8 90 6.85 -5.16 | 95.0
9 0.3 0.1 2.8 95 6.64 5.18 | 82.1
10 0.3 1.0 28.0 90 24.3 5.18 | 33.7
11 0.3 0.5 14.0 90 16.6 5.16 | 46.0
16 0.05 0.1 2.8 80 2.72 B8.55 | 82.5
17 0.05 0.1 2.8 70 2.55 B8.55 | 58.6
18 0.05 0.1 2.8 75 2.63 B.55 | 680.4
19 0.05 0.1 2.8 85 3.28 8.55 | 75.4
20 0.05 0.2 5.6 80 5.04 8.56 | 57.9
21 0.05 0.2 5.6 70 4.88 8.55 | 56.1
22 0.05 0.2 5.6 90 5.21 8.55 | 59.9
23 0.05 0.5 14.0 70 10.6 8.55 | 48.7
24 0.05 0.5 14.0 80 11.0 8.5 | 50.8
25 0.05 0.5 14.0 90 12.2 B.55 | 66.1
26 0.05 0.8 22.4 ' 86 13.6 8.55 | 39.1
29 0.05 0.1 2.8 75 2.75 7.18 | 53.1
30 0.05 0.1 2.8 85 3.22 7.18 | 62.1
31 0.05 0.1 2.8 90 3.32 7.18 | 64.1
32 0.15 0.1 2.8 70 2.93 7.18 | 56.5
33 0.15 0.1 2.8 75 3.04 7.18 | 58.7
34 0.15 0.1 2.8 80 3.11 7.18 | 60.0
35 0.15 0.1 2.8 85 3.30 7.18 | 83.7
36 0.15 0.1 2.8 90 3.40 7.18 | 65.6
37 0.3 0.1 2.8 70 2.94 7.18 | 56.7
38 0.3 0.1 2.8 75 3.11 7.18 | 60.0
39 0.3 0.1 2.8 80 3.15 7.18 | €0.8
40 0.3 0.1 2.8 85 3.38 7.18 | 65.2
41 0.3 0.1 2.8 90 3.26 7.18 | B2.9
42 0.3 0.1 e.8 70 3.05 7.18 | 58.8
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Table A-3 Continued

Apparent Viscosity Data
Exp. | Surf. Flow Flow Quality Average kg Ha

# Cone. Rate Velocity Ap/L

(wt%z) | (cm3/min) (ft/D) (%) (108 atm/cm) | (d) | (cp)
46 0.005 0.1 2.8 70 1.01 8.08 | 21.9
47 0.005 0.1 2.8 75 0.99 8.08 | 21.3
48 0.005 0.1 2.8 80 0.90 8.08 | 19.5
49 0.005 0.1 2.8 85 0.85 8.08 | 20.6
50 0.005 0.1 2.8 80 0.83 8.08 | 18.0
51 0.01 0.1 2.8 70 1.63 8.08 | 35.4
52 0.01 0.1 2.8 75 1.68 B8.08 | 38.5
53 0.01 0.1 2.8 80 1.65 8.08 | 36.5
54 0.01 0.1 2.8 85 0.95 8.08 | 20.6
55 0.01 0.1 2.8 90 0.88 8.08 | 19.1

Table A4

Permeability Effects on Apparent Viscosity

Flow Velocity = 2.8 ft/D

Apparent Viscosity g, (cp)
Average
Quality

Sand Pack Permeability {(d) Ha

(%) (cp)
5.16 7.18 B.55

70 56.6 58.6 - 57.8
75 - 60.4 53.1 56.8
80 65.9 - 62.5 64.2
85 - 75.4 82.1 68.6
90 70.6 - B4.1 67.4
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Table A-D

Surfactant Concentration Effects on Apparent Viscosity

Flow Velocity = 2.8 ft/D

Apparent Viscosity g, (cp)

Average® | Standard
Quality

Surfactant Concentration (wt%) e Deviation

(%) . (cp)

0.005 | 0.01 | 0.05 0.15 ¢ 03
]

70 21.9 | 354 57.6 56.5 | 7.8 57.4 +1.1 (5)*
75 21.3 | 36.5 | 56.8 | 58.7 | 60.0 | 58.1 £3.4 (4)*
80 19.5 | 38.5 64.2 80.0 | 60.8 62.3 +2.6 (4)*
85 20.6 | 20.6 68.6 63.7 | 65.2 66.6 +£6.0 (4)*
50 18.0 19.1 67.4 65.6 | 62.9 65.8 +3.4 (4)*

* average of 0.05, 0.15, 0.3 wgt % data

** average values from Table A

# average of experiments 37 and 42
number of data points used in average

+

-4
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Table A-6

Flow Velocity Effects on Apparent Viscosity

Concentration = 0.05 wt?
Quality = 90%

Flow Velocity | Apparent Viscosity
(ft/D) (cp)
2.8 67.4
5.8 59.9
14.0 56.1
22.4 39.1°
28.0 28.8

* Quality = B6%

Table A-7

Flow History Effects on Apparent Viscosity

Flow Velocity = 2.8 ft/D

Apparent Viscosity (cp)

Quality

(%) No Flow History **| Flow History
70 57.4 £1.1 77.4

75 58.1 £3.4 -

80 62.3 +2.8 B88.4

85 688.8 £6.0 -

a0 65.8 +3.4 85.0

85 - p2.1

* flow velocity always 2.8 ft/d
** previous flow velocity of 28.0 ft/d
* average data from Table A-5
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Table A8

Surface Tension of Suntech IV

Concentration | Surface Tension
Observation
(wtz) (dynes/cm)

0.0 7.7 no foam
0.000005 34.4 no foam
0.00005 32.1 no foam
0.0005 35.1 no foam
0.005 32.0 weak foam
0.01 32.1 foam
0.05 34.4 ‘.foam
0.15 32.1 stable foam
0.3 31.9 stable foal;n
0.5 31.3 stable foam
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FOAMS IN POROUS MEDIA

A LITERATURE SURVEY

By
S. S. Marsden
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1. INTRODUCTION

In 1978 a literature search on selective blocking of fluid flow in porous media was done
by Professor S.S. Marsden and two of his graduate students, Tom Elson and Kern Guppy.
This was presented as SUPRI Report No. TR-3 entitled "Literature Preview of the Selected
Blockage of Fluids in Thermal Recovery Projects.”

Since then a lot of research on foam in porous media has been done on the SUPRI pro-
ject and a great deal of new information has appeared in the literature. Therefore we believed
that a new, up-to-date search should be done on foam alone, one which would be helpful to
our students and perhaps of interest to others. This has been based on references which were
known to the author and supplemented by those in the MS Research Report of Bret Beckner
and the drafts of the PhD dissertations of Syed Mahmood and Fred Wang. However, the
interpretation and presentation of the material is the sole responsibility of the author.

For various reasons, almost every literature search misses some papers, patents, theses,
dissertations, government reports, etc. If the readers of this search know of any such publica-
tions, the author would like to hear about them. If the readers find any errors or disagree with
the views expressed, the author would also appreciate learning about these.

As can be seen, this is a chronological survey showing the development of foam flow,
blockage and use in porous media, starting with laboratory studies and eventually getting into
field tests and demonstrations. It is arbitrarily divided into five-year time periods.

2. PIONEER WORK

It is difficult to establish from information in the open literature as to which of two
laboratories started this foam research. The first publication of any direct importance was a
patent awarded to Bond and Holbrook (1958) but the author of this report was able to observe
the essentially complete work of Fried in late 1956. Unfortunately, Fried’s original report had
an unusually long gestation time in the review process and was not actually published until
1961 in greatly abbreviated form.

Bond and Holbrook (1958) suggested that foam could be generated in an oil reservoir by
consecutive injection of aqueous surfactant solution and gas. They considered foam as a
displacing medium for oil which would be less mobile than air and therefore have a more
favorable mobility ratio relative to oil. It was claimed that sweep efficiency for both miscible
and immiscible gas drives would thereby be increased.

Fried’s report included theoretical and laboratory work on the flow of foam in both tubes
and porous media. This was all relative to what he called a foam drive, secondary oil-recovery
process. For this, foam would be generated by bubbling a gas, such as air, Ny or CH,, through
a surfactant solution and then used to displace oil from a porous medium. In his laboratory
work on unconsolidated porous media, the oil recovery, particularly for viscous oil, was much
better than that obtained on the same or similar sand packs by gas drive, water flooding or sur-
factant solution flooding.

Besides oil displacement tests, Fried made a number of interesting measurements on the
physical properties of foam. Apparent viscosity was measured in both rotational and tube-type
viscometers; and while the treatment of the experimental data leaves a great deal to be desired
by current standards, the highly viscous nature of the foam was apparent. He was the first to
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measure the streaming potential or electrokinetic nature of foam, and he found that this could
lead to complete fluid blockage unless it was suppressed with electrolyte in the foamer solu-
tion. Unfortunately, Fried left the U.S. Bureau of Mines at about the time the work was
reported and it was not continued by others there.

3. THE EARLY 1960°S

To substantiate the patent of Bond and Holbrook, Bernard carried out experimental work
on the generation of foam in porous media and reported this in early 1963. He used an uncon-
solidated sand having a range of grain sizes giving a permeability of about 6 darcies
(6 x 10712 m?), Surfactant solution was either present prior to injection or injected as a batch
just before initiation of gas drive. Either water or a blend of refined oils or both were the ori-
ginal fluids.

Because theory did not exist to predict what foaming agents would be best, a purely
empirical approach was used. Preliminary screening was done in equipment similar to that
used to evaluate surfactants for removal of liquids from gas wells. As was expected, the com-
mercial foamers worked best when only water was the liquid, and worse when oil was the only
liquid, with the performance being intermediate when both were present. Unfortunately, the
foamers were only identified by letters and not their chemical formulas.

Various fiooding tests were carried out with different combinations of initially saturating
and displacing fluids as well as different surfactants. The results of these did not always agree
with those of the screening tests as far as the surfactants were concerned. Bernard concluded
that the best surfactants would be those that would form foam in both the oil and the water
within porous media during immiscible displacement. For miscible displacement with the
LPG-gas process, foamers that worked best in water alone were to be preferred.

In an MS thesis Bennett (1963) described laboratory experimental work on the use of
foam generated within porous media to displace water in an aquifer in which natural gas
storage was going to be initiated. He felt that a gas buffer between the injected surfactant
solution and the connate brine increased displacement efficiency, the lack of which may have
led to interaction between the electrolyte of the brine and the surfactant itself. In a continua-
tion of this work, Kolb (1964) started with his consolidated porous medium completely
saturated with a surfactant solution and reported that liquid recovery increased with surfactant
slug size and concentration. Foamability of the surfactant was of primary importance while
foam stability and static surface tension were secondary. His results indicated that ultimate gas
storage volume in an aquifer could be increased by injecting surfactant solution before gas
injection started. In parallel work done by Deming (1964) at the same institution, he reiterated
the latter points and also reported that an increase of the surface elasticity of the surfactant
solution led to a decrease in the displacement efficiency of the solution.

In the last of this series of theses, Iden (1965) noted that similar efficiency of displace-
ment could be brought about by a small volume of a highly effective surfactant solution or a
large volume of a less effective one. He also found that foam stability became an important
factor when flow rate was slow.

In 1963 a patent was awarded which dealt with foam generated within the reservoir.
Beeson found that the injection of a surfactant followed by a gas-driven solvent bank led to
EOR. Although he attributed this to a change from a water-wet to an oil-wet state, it is likely
that foam generation made a more significant contribution than did any wettability change.
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At the end of 1963 Emery patented a modification of the in situ combustion process
wherein a surfactant is to be injected in the water bank preceding the combustion zone. He
claimed this would lower the oil-water interfacial tension and thereby increase the efficiency of
oil displacement by the water bank. While this is probably true, a more important effect
(which he did not mention) would be the formation of foam with the N, remaining from the
injected air after the 0, had been consumed. From what we have learned later on (c.f. below),
this would selectively decrease the permeability of the more permeable strata relative to the
less permeable and hence improve the vertical profile of the fluid front.

A very extensive laboratory study was carried out by Bernard and Holm (1964) on the
effect of foam on permeability of porous media to gas. Both consolidated and unconsolidated
ones ranging from 100 to 146,000 md (0.1 to 146 x 107'2 m?) had gas permeabilities less than
1% of the specific permeability when foam was present. The decrease was found to be much
greater for loose sands than tight ones, which suggested the use as a selective plugging
medium for high permeability channels in various oil displacement processes.

The adverse effect of oil on many foaming agents was reported again but it was noted
that some were still effective even in the presence of oil. Continuous injection of foams
helped to maintain the foam when oil was present. Permeability reduction increased with foam
concentration, but concentrations as low as 0.01% were still effective.

Stable foams in porous media over long periods of time could be obtained if foam solu-
tion was added periodically. The stability increased as the specific permeability of the porous
media decreased.

In a complementary paper to the one discussed above to water, Bernard et al. (1965)
described the effect of foam on the aqueous permeabilty of porous media having trapped gas
saturation. Interestingly enough, they found that the aqueous permeability at a given satura-
tion was the same whether or not foam was present. In effect, foam decreases the permeabilty
to water by causing a higher trapped gas saturation to be reached than when foam is absent.
Increasing the foam concentration increases the trapped gas concentration even further.

Two other interesting observations were reported here. Foam was found to persist in
porous media even after 10 to 25 pore volumes of surfactant-free water was passed through the
porous media. In at least two cases it was also found to persist at temperatures up to
140°F (60°C) for as much as ten days.

The use of externally generated aqueous foam to displace oil from unconsolidated and
consolidated sands was also patented by Craig and Lummus (1965). In the preferred form of
their invention, they recommended that 0.1 to 10% pore volume of an oil-miscible solvent such
as LPG be injected first and that this be followed by gas (natural gas, N,, H,, CO, and CO)
equal in volume to 50 to 100% of the solvent. Next, at least 20% pore volume of externally
generated foam is injected and this may in turn be driven by water. They claimed that more
oil was recovered by externally generated foam than that generated within the core.

The selective blocking of gas flow by foam led to another proposed application by Hol-
brook and Bernard (1965). They suggested that preferably an oleic or possibly an aqueous
solution of surfactant be injected into a formation producing at a high GOR. When the pro-
duction is resumed, the flowing gas generates foam in the gas-producing strata and impedes
further gas flow. They also proposed that use of aqueous surfactant solutions in this manner
would cut down coning when natural gas was stored in aquifers.
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Although a good deal of experimental work had been done in the flow of foam in porous
~edia by the mid-1960’s, the interpretation was based on external measurements of such
parameters as pressure drop and flow rate with little or no direct knowledge of what was going
on within the pores. As had been done in much earlier work on oil and water flow in porous
media, we undertook some microscopic studies of foam flow in thin gas cells packed with
glass beads. These were published in an obscure report by Sharma (1965) and will be sum-
marized only briefly here.

He found that the size and extent of the bubbles depended mainly upon the type and con-
centration of the surfactant as well as the foam quality. With one surfactant at low concentra-
tion (0.1% Aerosol MA), small bubbles moved through certain channels at low pressure
differentials but at higher pressure differentials, a body of foam made up of bubbles of about
the same size moved as a foam bank. Bubble size decreased with an increase in surfactant
concentration and this was often manifest in membrane-like foam at low concentrations and
small bubble foam at higher ones. Bubble size for another surfactant (Adfoam) also increased
with quality.

Foams produced from a generator made up of unconsolidated sand was uniform in size
when viewed in a thin empty cell but became heterogeneous when flowing through a packed
cell. Some small bubbles became immobile by adhering to glass bead surfaces as if the latter
had become oil-wet.

Foam displaced oil in a thin, packed bead cell at low rates in a piston-like manner; but at
higher rates there was significant fingering, and at still higher rates foam bubbles became
dispersed in the oil itself. With foam breakthrough a frothy emulsion was first produced fol-
lowed by foam alone. Hence the displacement mechanism and sequence is far more complex
than is usually visualized.

4. THE LATTER 1960’S

After reviewing earlier work on foam flow, stability and persistency in porous media,
Bond and Bernard (1966) presented results on the effect of sand wettability on foam flow.
Their data was difficult to interpret. One problem may have been that the silicones usually
used to make the sand surfaces oil-wet are some of the best foam breakers known to man and
so the systems which were intended to be oil-wet were simply foam-breaking systems. In
other experiments they noted the general relationships between bubble size, pore size, pressure
gradients and foamer concentration but no numerical results were presented.

Two studies on foam flow in short, unconsolidated porous media were published in 1966,
the first by Marsden and Khan and the second by Abernathy and Eerligh. In both cases exter-
nally generated foam of a range of qualities was injected, flow rate and pressure drop measured
and liquid saturation determined within the porous medium by electrical conductivity. Marsden
and Khan also measured the apparent viscosity, Hg, of the foam with a modified Fann VG
meter and a high shear rate instrument (based on the vibrating reed method) known as the Ben-
dix Ultraviscoson. For the former p, decreased with increasing shear rate but usually fell
within the range of 50 to 500 cp (50 to 500 mPa - s), and at a given shear rate it increased
almost linearly with quality. For the latter instrument, kinematic |1, was independent of quality
but absolute Ji, increased with quality from about 3 to 8 cp (3 to 8 mPa - s).

From the flow rate and pressure drop data, it is possible to calculate an effective
permeability-apparent viscosity ratio, k/p,. This decreased almost linearly with quality for
high permeability porous media, but the rate of decrease was less for tighter ones. An attempt
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was made to normalize the data for several porous media by calculating a relative permeability
to apparent viscosity ratio, /i, and plotting this against quality; while this brought the data
closer together, it was not entirely successful. The k/u, ratio increased with surfactant concen-
tration and with liquid saturation in the porous media. Estimates for p, of foam in these
porous media ranged from 30 to 100 cp. :

Abernathy and Eerligh (1966) carried out a number of measurements on externally gen-
erated foam made with five different surfactants at three different concentrations. This flowed
through four short porous media in series which were packed with graded Ottawa sand having
mesh sizes from 20/30 for the first to 80 for the fourth. These porous media were separated by
optical cells fitted with a light source and detector for measuring attenuation by scattering at
the liquid-gas interfaces. Pressure drop across each porous medium could be measured as well
as electrical conductivity. Flow rate was determined by the time required to fill a horizontal
burette and quality by its weight empty and filled. Bubble size was measured with an espe-
cially constructed thin cell viewed under a microscope.

With two exceptions traced to equipment malfunction, they found a decrease in foam
mobility with increase in foam quality. For qualities below 80%, bubble size as indicated by
transmitted light did not change appreciably; but above this, bubble size increased with quality.
The magnitude depended on the surfactant, but the rate of increase was about the same for all.
As measured by the same instrumentation, bubble size decreased with increasing surfactant
concentration. With one exception, these foams showed an almost exponential increase in
mobility with decrease in bubble size. There was a drastic increase in mobility when the bub-
ble size became smaller than the pore opening estimated from capillary pressure data.

While some authors recommended that preformed foam be injected from the well into the
reservoir rock and others thought that the constituents should be injected so that the foam
could be generated in-siru, Hardy and McArthur (1966) patented still a third method which
they felt was superior because it produced the foam out in the reservoir away from the injec-
tion wells. To accomplish this, an aqueous solution of both the foaming agent and a soluble
gas were to be injected into the formation at a pressure above the bubble point. When the gas
came out of solution at the lower pressures out in the reservoir, foam was generated. This
method had the advantage that it allowed a low viscosity solution to be pumped under high
pressure gradients near the well while the higher viscosity foam was subjected to lower pres-
sure gradients, and hence lower shear stress out away from the well. In one modification of
their invention, they suggested using LPG as the solvent.

A common method of storing natural gas in geographical areas close to markets is to
inject the gas in underground porous rock formations such as either aquifers or else abandoned
oil or gas fields. Many times these have leaks through fractures in the cap-rock or through
improperly abandoned or completed wells. Injection of aqueous foam solutions in porous for-
mations overlying the cap-rock was recommended as a remedy for this by O’Brien (1967).
Any leaking gas would, of course, generate foam in situ and hence impede or block the flow
of additional gas. Improved performance was claimed if a viscosity increasing agent was
added to the foam solution and if it was previously saturated with CO,. A list of suitable com-
mercial foaming agents giving both their trade names and their approximate chemical names
was also included in this patent.

Various workers received patents in 1967 which dealt either directly or indirectly with
foam generation in reservoirs. Santourian (1967) described the injection of hot aqueous solu-
tions of gas followed by flood waters containing such thickening agents as CMC, CEC, Dex-
tran or Polyox. The latter have some surface activity and so foam may well have been pro-
duced and made a significant contribution to the process. O’Brien and Sayre (1967),
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Zwicky (1967), and Rai and Bernard (1967) as well as others have mentioned the possibility of
wetntability changes brought about by the foaming agents, but could not even agree on the
direction of change of wettability. The latter authors claimed that successive banks of foam
made with anionic and cationic agents produced more oil than either alone, but thought this
might also be due to the formation of different kinds of emulsions (O/W or W/O).

The first patent on use of foam in the CO, injection was awarded to Bernard and Holm
(1967). It also included use of ethane and propane. A long list of suitable surfactants was
also included in the patent.

The physical properties of foam and their applications in petroleum operations were
reviewed for the Seventh World Petroleum Congress by Marsden et al. (1967). Some of the
experimental results of Abernathy and Eerligh (1966) on the flow of foam through porous
media were included in this paper.

Because of the extremely efficient blocking action of foam in porous media, Bond and
Bernard (1967) were concerned that formation of foam in the porous rock adjacent to an injec-
tion well would prevent further injection of fluids if foam generation took place too quickly.
Therefore, they patented the injection of a water buffer following the surfactant solution and
preceding the gas injection to prevent this. They also included in their patent the injection of a
sequence of many slugs of surfactant solution, water and gas throughout the project.

Another patent on use of foam in underground storage of natural gas was awarded to
Bernard (1967). Besides reiterating the claims of O’Brien’s (noted above), it is suggested that
an envelope of foam formed from carbonated foamer solution increased the gas storage space
in an aquifer by confining the gas within a limited space. He also recommended the use of
brine instead of fresh water in preparing the foamer solution to prevent blockage from clay
swelling.

While it does not apply directly to foam flow in porous media, the work of Raza and
Marsden (1967) on foam flow in small glass tubes (radius 0.25 to 1.5 mm) does have some
bearing on this subject. The bubble sizes were much smaller than the tube sizes and so these
authors assumed the foam was a continuum and treated their data in terms of a power law
fluid. At low shear rates, the flow behavior index was unity and so the foam behaved like a
Newtonian fluid. The apparent viscosities* increased with foam quality and cover the range
from 15 cp to 266 poise ( 15 x 107 t0 26.6 Pa- s).

At higher shear rates these foams had flow behavior indices ranging from about 0.3 to
0.5 and hence they behaved like pseudoplastic fluids. Thus the foam went from a laminar type
flow to a semi- plug-like type of flow, the extent of which increased with both foam quality
and tube radius.

This paper also includes results on measurement of the streaming potential of foam in
both tubes and unconsolidated porous media. An equation was derived which related this to
the pressure drop, the tube dimensions, the zeta potential and the dielectric constant, as well as
the consistency index, flow behavior index and density of the foam.

*The term apparens is used here because there was an unexplained effect of tube radius on the results.
This may have been due to foam slippage at or near the tube wall. Unfortunately, a comrection was not
made for this.

28-83



The displacement of Newtonian fluids of different viscosities by foam in Hele-Shaw
models was studied by Moser (1967). He used aerosol shaving foam injected by a small
syringe pump, varied injection flow rate, measured injection pressure and traced the displace-
ment front. In checking the equipment with viscous oils displacing water, he found the pres-
sure buildups with swept-out area similar to those for foam displacing water, although in most
of his runs foam displaced glycerin. Sweep efficiency was less in the lower permeability
models as was foam apparent viscosity. Sweep efficiency was higher at lower mobility of the
displaced fluid compared to a Newtonian fluid of the same viscosity. Pressure difference from
the beginning of displacement to foam breakthrough was essentially independent of injection
rate,

During oil production from gas-cap reservoirs, the gas tends to migrate downwards and
come into the wells. Ferrell er al. (1968) recommended the injection of a foaming agent at or
near the gas-oil contact to form foam with the gas. Mixing is achieved either by pumping a
liquid into the oil zone and then forcing the foamer into the gas zone or else by producing
from the oil zone and allowing the gas cap to expand, It was also claimed that this approach
minimized encroachment of oil or flooding media into the gas cap during secondary recovery
operations.

To cut down water coning Heuer (1968) recommended the injection of a foamer solution
at or near the water-oil contact and then following this with gas to generate a foam barrier
when the well is again on production. Limited laboratory work showed that foam did cut down
gas flow while still allowing oil flow but the same was not demonstrated for water and oil
flow. One field demonstrated a dramatic but temporary four-day decrease in GOR but then gas
came in again strongly.

In a very important basic patent containing little experimental justification, Needham
(1968) taught that foam made with steam as the gaseous phase be injected into a reservoir to
get a better injection profile than with steam alone. When the steam condensed and the foam
collapsed, the flow of hot liquids back into the well would not be impeded by the presence of
a gaseous phase,

Up to this point in time, different theories had been developed to explain the flow of
foam in porous media. Some held that foam could be treated as an almost homogeneous fluid
flowing through essentially all of the pore system, while others believed that the gas and the
foamer solution would move independently and flow through separate and different pore chan-
nels. Holm (1968) reported the results of a series of experiments which supported the latter
viewpoint for flow under reservoir conditions. He felt that even with externally generated
foam, the gas and liquid separated within the porous medium and then reformed as foam. The
liquid moves through the porous medium in the form of the bubble films while the gas moves
by breaking and reforming bubbles. The low liquid flow rate corresponds to the low liquid
saturations in a foam-bearing porous medium and effective permeability may be calculated by
Darcy’s law. The gas flow rate deviates from that calculated by Darcy’s law modified for
more than one fluid present.

As we see it, the crux of the difference in the two viewpoints is that the several investi-
gators are talking about different things but using the term foam to describe them. Holm says
that, "...the foam bubbles (are) large (>0.1 mm),” but most consolidated reservoir rocks have
pore diameters which are smaller than this by at least an order of magnitude. Hence these
bubbles must have extended over and through at least several pores and his explanation
appears to be reasonable for such large bubbles. Other work indicates that large bubbles are
present both in higher quality, drier foams or when low concentrations of surfactants are used,
But for lower quality, wetter foams or those made with higher concentrations of foaming agent,
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smaller bubbles would be produced and these could well flow through porous medias as an
essentially homogeneous fluid. This is illustrated in the works described earlier by Marsden et
al. (1967).

The flow properties of foam in porous media also interested workers in the USSR.
Evgenev and Turnier (1969) carried out experiments on both unconsolidated sands. (3.1 d or
3.1 x 10'12m2) in large glass tubes (3.7 cm diameter x 60 cm long) and in flat cells contzining
large glass beads (2 mm diameter). They observed a threshold pressure and so described the
foam as being a Bingham plastic. But they also found this threshold pressure dependent on the
length of time the foam had been at rest in the porous medium and so they also described it as
being thixotropic. In addition, cessation of flow took place at some finite pressure gradient
smaller than the threshold gradient and hence there was a gradient smaller than the threshold
gradient and hence there was a hysteresis loop which caused them to describe the foam as
being a "pseudosolid.” Some problems may have arisen in the terminology because of the
difficulties of translation of the paper to English.

In enriched gas drives, more of the injected gas often goes into the more permeable zones
than is economically desirable. To cut down on this, Leach (1969) recommended that the gas
be preceded by an aqueous solution of an oil-sensitive foaming agent. The enriched gas thus
forms a foam which diverts gas into the low permeability zones. After a matter of some
weeks, the foam would break because of its sensitivity to oil and this would allow a high
injection of dry gas to drive the enriched gas through the formation.

The rheological work of Raza and Marsden (1967) describing the flow of foam through
glass tubes was extended to ones of smaller diameter by David and Marsden (1969). In
analyzing the data, corrections were made here for the very significant effects of fluid slippage
at the tube wall and for the semi compressible nature of the foam. The uncorrected apparent
viscosities changed with foam quality, but the corrected ones were independent of foam qual-
ity. However, the corrected apparent viscosities still increased with wbe diameter, which is not
to be expected.

The corrected apparent viscosities decreased, as before, with increasing shear stress, still
indicating that the foam behaved like a pseudoplastic fluid, but one with a very low gel
strength, The latter, as measured with a Stormer viscometer, increased slowly with quality, but
were still an order of magnitude too small to affect the pseudoplastic flow behavior.

The bubble size frequency distribution was found to be asymmetrical, resembling a x?
distribution but it approached a normal distribution at high foam quality. The arithmetric mean
bubble diameter was found to be proportional to quality. As expected, the bubble size changed
with time with the larger ones growing and the smaller ones shrinking.

The need for temporary diverting agents in fracturing and acidizing jobs prompted the
work described by Smith er al. (1969). They did laboratory work on two packed columns of
different permeabilities (having a ratio of 20:1) mounted in parallel. Injection of foamer solu-
tion was followed by injection of N, in a series of repeated treatments. This method of selec-
tive blocking worked better than others in a fractured dolomite with high vertical permeability.
They claimed the method could be used in wells with temperatures up to 250°F (121°C).
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5. THE EARLY 1970°S

To increase the degree of plugging and the life of the foam, Raza (1970) felt the foaming
solution should be divided into several smaller batches which would be injected alternatively
with smaller batches of inert gas. To avoid plugging of the formation near the well, batches of
spacer fluid such as water or brine could be injected between the gas and the foamer solution.

In early 1970 two papers appeared on the use of foam as a gas blocking agent with par-
ticular reference to underground storage of natural gas. In the first, Albrecht and Marsden
(1970) described laboratory experiments on the flow of foam in unconsolidated sands and
sandstones. They found that steady gas or foam flow could be established at some injection
pressure p, and then the pressure decreased until flow ceased at some blocking pressure Py
When flow is again established at a second, higher p;, blocking can again occur at another Ps
that will usually be greater than the first p;. The blocking pressure depends on the foamer and
its concentration as well as its saturation and the kind of porous medium. Gas blockage
appeared to be greater in unconsolidated porous media than in consolidated ones.

In the second of the two papers Bernard and Holm (1970) described laboratory work on a
model gas storage reservoir. They found that foam was 99% successful in reducing leakage
from the sandstone model. The amount of foaming agent required to seal a leak depended on
the adsorption-desorption properties of the agent on the rock surface. Certain modified anionic
esters of relatively low molecular weight were found to be superior to most nonionics.
Methods of applying the foaming agent in the field are recommended in the paper.

Vertical leaking of fluids past cement jobs going through tar sands apparently occurs
when heated fluids are pumped down the casing or tubing. Elkins (1970) suggested that a foa-
mer solution be injected around the casing with a permanent gas (unless the leaking fluid was
gas) to form a foam and thus eliminate the leakage. '

In late 1970 Bernard was awarded what looks like a very general patent on the use of
foam drive for oil recovery. Either foam or the ingredients of foam are to be injected to form
a foam bank which is then to be driven toward the production wells by a combination of gase-
ous and aqueous liquid drive fluids. The latter should be in the ratio of 5 to 15 volumes of gas
(reservoir temperature and pressure) per volume of liquid, i.e., the proportions that would give
a relatively dry foam. A list of suitable, commercially available foaming agents is included
here.

According to Dauben and Raza (1970), the stability of foam in earth formations against
the adverse effects of oil and elevated temperatures was increased by dissolving water-soluble
film-forming polymers in the foamer solutions. Polyvinyl alcohols and polyvinyl pyrrolidones
worked well. Stability of the foams could be increased further by adding film plasticizers such
as glycerin, ,

Up to the end of 1970 practically nothing had been published on field work with foam in
porous media other than brief mention of short tests in several patents. At this time Holm
(1970) described their use in injection tests in the Siggins field, a small shallow one in Illinois.
Foamer solutions and compressed air were injected simultaneously and alternately in one well
and production observed in five offset production wells. Concentration of foamer solution
started at 0.1% and then was increased to 0.5% and eventually to 1%. The foam reduced the
mobility of both water and gas to less than 50% of their original values. A more uniform
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injection profile was observed and severe channeling to one production well was stopped.
When air and 1% slugs of foaming agent were injected alternately, the mobility of the air was
reduced significantly.

Ugolev et al. (1970) found that foamed acid penetrated low pressure carbonate reservoirs
more uniformly and more deeply than did regular acid and thus gave better jobs. The air-to-
acid ratio was in the range of 1:1 to 5:1 and hence relatively wet foams were being used. He
reported that in one region of the USSR, 434 acid foam jobs had been performed starting in
1956 and that these had led to the production of an additional 135,000 tons of o¢il. This would
have to be a very low cost method of stimulation to make it worthwhile.

A number of tests were carried out by Fujii (1970) on comparing foam drive with water
drive in a series of cores having permeabilities ranging from about 30 to about 10,000 md
3% 107 to 10 x 107122y, On the average, oil recoveries were about 12% higher with foam
drive. The ratio of foam drive to water drive recovery generally decreased as permeability
increased.

The results of an extensive series of laboratory tests on foam in porous media were
reported by Raza in 1969 and published at the end of 1970. He found that the quality of the
foam depended on the type of the foaming agent, its concentration in the solution, the physical
properties of the porous medium, the pressure level, and the composition and saturation of
fluids present. The nature of the foam depended on the type of foaming agent and its concen-
tration in the foaming solution. He felt that the flow behavior of foam in porous media could
neither be described in terms of its high apparent viscosity nor in terms of relative permeability
concepts, but he came up with no alternative explanation.

He found that the flow of gas could be restricted for indefinitely long periods of time,
that of water for shorter periods of time until the foam decays, and that of hydrocarbons only
temporarily. He felt that foam could be used to combat coning, to improve sweep efficiency in
heterogeneous reservoirs and to improve displacement efficiency in gas injection processes.

The flow of gas through porous media containing aqueous solutions of surfactant was stu-
died by Nahid (1971). Using tracer studies (CH, and He), he found that a portion of the gas
phase was immobile while the remainder flowed with the forming and breaking of surfactant
solution films. The presense of surfactants decreased gas permeability significantly and
increased liquid recovery at gas breakthrough, An increase in pressure level and surfactant
concentration led to a decrease in gas permeability, which is inconsistent with the results of
Abernathy and Eerligh (1966), who used Ottawa sand packs while he used a Berea core. Lim-
ited studies on gas-oil systems containing certain surface active silicones and fluorocarbons
indicated behavior similar to that for gas-water systems.

His experimental results were in agreement with a combination of two proposed flow
mechanisms. One was that channel flow did develop during steady-state conditions and the
second was that gas flows intermittently with the making and breaking of film interfaces.
Experiments with gas tracers indicated that about one-third of the gas was trapped at least for a
while but not permanently. This work, together with that of others summarized earlier, sug-
gests that foam flow in porous media is probably more complex than we realize.

The flow of foam through etched-glass micromodels saturated with detergent solution has
been described by Mast (1972). These models had thin "pore spaces” somewhat like those of
intergranular porous media. Mast found that the proportion of gas and liquid that was moved
through these models as foam depended on the stability of the foam and on the porous
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medium. With unstable foam the transport of gas and liquid occurs primarily by breaking and
regeneration of the foam structures in small pores between larger ones. No liquid channels
were observed but some liquid was transported via the Plateau borders.

When the foam is stable, the liquid and gas are transported mainly as foam. Flow
through portions of the porous medium can be temporarily blocked by the foam. Foam
drainage has a strong effect on foam stability.

In the use of a micellar slug for enhanced oil recovery, a mobility buffer such as a poly-
mer solution must be interspaced between the slug itself and the water which is finally injected.
This mobility buffer is necessary in order to avoid viscous fingering into and then destruction
of the micellar slug. The cost of polymer is a major component in the economics of the entire
process.

The viscous nature of aqueous foam together with its relatively low cost and its miscibil-
ity with water suggested this as a possible mobility buffer. If it could also be generated from
some of the surfactant in the micellar slug, this would simplify its preparation because an inert,
insoluble gas could simply be injected following the micellar slug.

Although work along these lines was carried out by Kamal and first reported in 1970, it
was not published in the generally accessible literature until late 1973. In the meantime, a
patent had been awarded to Earlougher (1972) for essentially this same process.

Kamal and Marsden (1973) reported that micellar slugs could indeed be displaced by
foam in unconsolidated porous media. While secondary recovery of oil by either waterflooding
or by a miscible slug followed by foam was about the same in his equipment, a tertiary pro-
cess after waterflooding by the miscible slug-foam combination lead to additional oil recovery.
Because less foaming agent than polymer is required, the process appears to have economic
advantages.

An extensive study of foam flow in porous media by Minssieux (1974) was preceded by
measurements of the rheology and stability of bulk foam. He found that it was impossible to
maintain foam flow in unconsolidated sand packs (50 darcies) (5 x 10_“m2) one meter long,
i.e., he got essentially permanent blocking, but that he could do so in shorter sand packs at
even somewhat lower pressure gradients.

X-ray absorption studies on 80 cm long sand packs showed that beyond the first 10 cm
or so the liquid saturation in the core is essentially constant at 35% to 45% for foams having
qualities ranging from 51% to 96% at injection conditions. He believed that this eliminated the
concept that foam advanced as a single fluid in a porous medium. But another interpretation is
that a high immobile liquid saturation exists in the porous medium while foam continues to
flow as such.

He calculated the viscosity of foam flowing in porous media for qualities ranging from
about 50% to about 96% and found that they decreased from about 4 cp (4mPa - s) to less
than 1 ¢p (1 mPa ' 5) at the highest qualities. Not only was the direction of the change of
viscosity with quality the opposite of that which he and others found for bulk foam, but it was
lower by two orders of magnitude. Clearly there is a major discrepancy here.

Foam drive of oil in a porous medium led first to gas breakthrough (from partial degrada-
tion of the foam), then to production of connate water bank, next to production of an oil-in-
water emulsion and finally to foam breakthrough. The latter may still contain emulsified oil,
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particularly if anionic foamers are used. He found that the overall improvement in recovery by
foam drive was not appreciable compared to waterflooding, but it was significant compared to
gas drive.

Various abstracts and data bases indicate that considerable work has been done in the
USSR on the use of foam in petroleum engineering operations. Abstracts indicated that a good
deal is repetitive of that done elsewhere, and also because the field applications have been in
unfamiliar areas, there has been little interest in translating it. Two short papers in English
translation are those by Evgenev and Turnier (1969) and Evgenev (1974), the first of which
has already been moted. In the second paper Evgenev gave data indicating a thixotropic,
yield-pseudoplastic behavior although his terminology was different. This study was
apparently in connection with subsurface natural gas storage.

6. THE LATTER 1970°’S

The use of a foaming agent with injected steam in field application was described by
Fitch and Minter (1976). Additional oil beyond that expected from steam alone was apparently
recovered at an economical cost. In an addendum to the paper, they mentioned encapsulating
the foaming agent in a viscous gel to delay foam formation until the material was well out in
the reservoir. ‘

A number of aqueous foams made with anionic and nonionic surfactants were prepared
by Kanda and Schechter (1976) and such properties as foaming ability, foam stability and bulk
viscosity studied along with several solution properties (surface tension, surface viscosity and
wettability). Porous media containing the surfactant solutions were then injected with N, gas
to generate foam insitu. Breakthrough time increased with surface tension and surface viscos-
ity but while displacement efficiency increased with surface viscosity, it decreased with surface
tension. Permeability to gas was sensitive to wettability of the system. The presence of salt
did not significantly change the results but oil adversely affected the performance.

In another academic study, Aizad and Okandan (1977) described experimental results
from the injection of foam into unconsolidated porous media. They believed that their foam
flowed as a body and not as the separate components. It behaved like a pseudoplastic fluid
with a flow behavior index of about 0.1 for foams made with one surfactant and 0.3 for those
made with another, Apparent viscosity, however, did increase with quality. They found that
both foams displaced oil from a porous medium better than did water, but also that less of a
high quality foam would displace the same amount of oil than would a lower quality foam.
Displacement by the latter is, however, faster that by the former,

While Elson and Marsden (1978) were mainly concerned with screening surfactants for
extended use at elevated temperatures, they also reported some observations on flow blockage
at temperatures only slightly over the boiling point of water. Relative to water saturated
porous media, gas flow rate was much less with surfactant solution saturated ones. While the
gas flow rate would increase with time, it could be decreased even further than before by injec-
tion of more surfactant solution.

In a very extensive patent based on both laboratory work and field tests, Dilgren et al.
(1978) described the importance of including both noncondensible gas and also an electrolyte
(e.g., Nacl) in their steam-foam recipe. Their idea seemed to be to impede steam and oil flow
in high permeability-producing channels so they would expand in thickness and thereby pro-
duce more oil.
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In still another patent Dilgren and Owens (1978) eliminated the steam as such and sug-
gested instead the injection of a hot foam made of aqueous solution, noncondensible gas and
surfactant. This process would be used for a less viscous oil than those in reservoirs being
produced with steam injection.

The earlier observations of the experimental conditions under which foam would not flow
in porous media by Albrecht and Marsden (1970), Kanda and Schechter (1976), and Minssieux
(1974) prompted purely theoretical work of Slattery (1979). He found that there was a critical
value of the surface tension above which foam cannot be displaced by a given pressure gra-
dient. He concluded that the maximum displacement efficiency occurs when the surface ten-
sion was just below this critical value. Also, the displacement efficiency was increased by
increasing the surface viscosity as well at the viscosity of the solution itself. These predictions
agreed with the published observations of others cited above.

7. THE 1980°S

For the effective application of foam in field tests, the surfactants used must be thermally
stable over an extended period of time. This has been tested by Owete er al. (1980), who
used as the criterion for success not only the chemical stability but also the decrease of gas
mobility in porous media containing surfactant, water and displacing gas, relative to those con-
taining only water and displacing gas. At temperatures of 350° to 400° (177° to 205°C) two
commercial surfactants -- Suntech IV and Thermofoam BWD -- performed well, while two
more were satisfactory, and five additional ones unsatisfactory.

Production by gravity override by foam generated in a two-dimensional, vertical sandpack
was observed by Chiang et al. (1980). They simulated steam injection by using N, gas at
ambient temperatures and observed both the displacement front, which could be seen through
the clear wall of the model, and breakthrough time. Both liquid recovery and breakthrough
time increased when the pack was saturated with surfactant solution instead of just water.
Also gravity override was decreased significantly. In situ foaming increased with surfactant
concentration up to CMC (critical micelle concentration). In one case isobutanol had a favor-
able affect on a lower molecular weight surfactant (Suntech IV) and an adverse effect on a
higher molecular weight one (Suntech IX). In a sandpack initially saturated with a white
mineral oil and irreducible water, with a surfactant slug injected prior to N, oil recovery was
doubled.

Yet anofher method of generating foam out in the reservoir was patented by Richardson
et al. in 1980. They listed a number of reactants which would by a change of pH of the sys-
tem generate N, and hence foam in an aqueous solution of surfactant.

For the first twenty years of its use in petroleumn engineering, foam was mainly studied as
a selective blocking agent for steam used in thermal recovery projects and for underground
natural gas storage reservoirs. It was proposed as a blocking agent for liquids in porous media
(particularly in patents), but most workers recognized that the liquid would still flow through
the foam lamellae. Originally, it was thought that it would be an effective displacing medium
for oil because adsorption both on the mineral and oil droplet surfaces as well as dissolution in
the oleic phase ruled this out.

With the growing interest in the late 1970’s, after much earlier work on the use of car-
‘bonated water in floods, attention was focused on using foam as a way of overcoming the
major obstacle to CO;, use on a oil being displaced. The first paper of any significance was
that of Bernard et al. , which was submitted in mid-1979 and published a year later. Because
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the critical temperature of CO, is below that of most petroleum reservoirs (31°C), there was a
temptation to call it a very dense fluid and its dispersions in water an emulsion, but we shall
use the terms "vapor" and "foam" here. A good deal of what is said here can therefore be
applied to emulsion flow in porous media and vice versa.

Because CO, is chemically more reactive in many situations than is steam or hot water
as well as being acidic in nature, surfactants had to be selected carefully for their compatibility
as well as their effectiveness and long-term stability. While members of all three major surfac-
tant classes were effective, a commercial sulfate ester known as Alipal CD-128 was found to
be superior. Its solutions, however, were highly susceptible to acid-promoted hydrolysis, but
the products of this decomposition were probably effective in themselves. Its solutions
together with CO, led to greater mobility reduction in the higher permeability zones just as
was the case with foam. A low molecular weight ethyoxylated sulfate of unspecified composi-
tion was found to have the best combination of chemical stability, low adsorption and high
mobility reduction at reservoir conditions, as well as being a good "emulsifier" for CO; and
water. Permeability reductions would be removed by the passage of several pore volumes of
water through the system and hence were not permanent. As was the case with the early
work on the use of foam in steam projects, the descriptions were general in nature and no real
rheological data was given here.

While some of the chemical conditions for CO, injection are more restrictive than for
steam injection, the temperatures are generally much lower. Thus different surfactants are
needed to produce stable foams and so Bernard and Holm (1980) patented the use of alkyl
polyethylene oxide sulfates which are effective under the conditions of low pH, high salinity
and relatively high Ca*™ concentrations. The ratio of ethylene oxide groups to carbon atoms in
the alkyl group suggested these surfactants might be better emulsifiers than foamers.

The first results of a field test using a surfactant "encapsulated” in a polymer gel for
injection in a steam drive was presented by Eson and Fitch (1981). These preliminary results
in the heavy oil, North Kern Front Field of California, were economically promising. At about
the same time, the first annual report on this DOE-supported project was also published by
Eson et al. (1981). In the following year, another progress report was made by Eson et al.
(1982) with details given in a paper by Eson and O'Nesky (1982).

In connection with the field test just mentioned, laboratory work was carried out else-
where to learn more about the flow of foam and gas-surfactant solutions in porous media.
Some by Owete ez al. (1982) were on micromodels made of highly regular, uniform channels
etched glass plates between uniformly spaced islands. Air-displacing surfactant solution pro-
duced bubbles which often extended over several pore spaces. Even in spite of the uniformity
of the system, some liquid and some gas was immobilized in the system. Air mobility in this
highly artificial system was decreased by a factor of two over that where no surfactant was
present.

Laboratory work on some of the expected problems for a field test were reported by Al
Khafaji et al. (1980). They found that CaCl, at concentrations of 0.5% and greater and Nacl
at concentrations of 2% and greater produced significant degradation of a particular foamer
(Suntech IV). They also found there was phase-partitioning into the oil phase but only small
adsorption on a quartz sand. The steam muobility was reduced significantly in the presence of
surfactant solutions and also the average steam saturation in the saturated steam zone increased
as the steam zone grew.
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In a paper screening surfactants for use in generating foam in steam injection projects,
Dilgren er al. (1982) found two necessary ingredients beyond those already recognized. One
was the presence of a small amount of a permanent gas such as N, in the steam so that there
would not be a complete collapse of the foam when the steam condensed. The other was the
presence of at least a small amount of NaCl (several percent) which was necessary for the
dodecylbenzene sodium sulfonates and the Cyg — Cg alpha olefin sodium sulfonates they stu-
died. They found that the latter yield what they called stronger foams than the former. After
laboratory tests in Ottawa sand packs, they used the foamers in a pilot test described later and
found both the predicted increased pressure at the injection wells and increased oil production
rate.

More laboratory results plus those from field tests were published by Doscher and Ham-
merschaimb (1982) and then presented in a more detailed report the following year. Details of
the laboratory procedures and the results of the tests are given in the paper. Besides the minor
effects of KC1 and Ca™ on foam volume, there was a major effect of crude oil improved the
performances of some surfactants, particularly at somewhat elevated temperatures. Tests in
sandpacks eliminated most remaining foamers. Corrosion inhibitors had an adverse effect on
surfactants. As had Dilgren et al. (1982), they found that the presence of a noncondensible gas
in the steam was essential. Final laboratory testing in a 16-ft (4.9 m) sandpack indicated that
Thermophoam BW-D (Farbest) should be field tested. This was done in five heavy oil fields
of California over a period of two years and enhanced recovery found. They believed that
besides the increased volumetric conformance expected, there was additional oil recovery from
emulsification, lowered interfacial tensions and entrainment of oil droplets in the steam and hot
water phase.

Commercial foaming agents are often mixwres of different chemical species of various
sorts. Some have simply different hydrocarbon chain lengths resulting from a petrochemical
synthesis process or from the occurrence of mixtures in nature and more often than not this
enhances their performance. Others have different functional groups [such as those mentioned
above in the work of Dellinger er al. (1984)] and the combination is better than the sum of the
parts. To evaluate the effect of chain length alone, Sharma et al. (1982) studied the foaming
behavior and other surface chemical properties of mixtures of C;,H,sSO,Na and the even C-
atom alcohols from Cg to Cis. They found that both breakthrough time and fluid displacement
efficiency in sand packs and Berea sandstone were at a2 maximum when both the alcohol chain
length and that of the Na alkyl sulfate were the same. Also at this condition there was a
minimum in the surface tension and bubble size, but a maximum in surface viscosity and bub-
ble stability as well as fluid displacement efficiency and breakthrough time.

In later study along these lines, Sharma and Shah (1983) showed that there was a max-
imum in oil recovery at air-foam breakthrough, at steam-foam breakthrough and at surfactant
breakthrough when the alkyl sulfate and alcohol had the same chain lengths. They also
reported that for a system made up of 0.005 M NaC,, SO, and 0.00005 M C,, OH, the bubble
size increased much more rapidly at 80°C than at 20°C.

In a paper that was more like a research proposal than a finished piece of work, Heller er
al. (1982) discussed the expected performance of a high-pressure CO,-in-water "foam” which,
because of the low compressibility and high density of CO, under these reservoir conditions,
behaved more like an emulsion than a foam. For best performance they suggested the aqueous
phase content be as low as possible, which would correspond to a high-quality foam, and that
the mobility of this "foam" be adjustable to be about that of an oil bank which was expected to
be formed.
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In work indirectly related to that described here, Blair et al. (1982) described how the
injection of thin film spreading agents (TFSA) with cyclic steam injection lead to increased oil
production. While these are certainly surface active, no mention was made of foam here and
in related papers and patents by these authors.

In a progress report on a US DOE-sponsored project for finding suitable surfactants for
CO, mobility control, Patton et al. (1983a) found ethyoxylated adducts of Cg to Cy4 linear
alcohols and low molecular weight co-polymers of ethylene oxide and propylene oxide were
the most promising. These withstood degradation for two weeks at 125°F (52°C) but sulfated
esters of ethoxylated Co—C¢ linear alcohols did not.

The flow behavior of CO,-water foams in capillary tubes of different lengths and diame-
ters was described by Patton ef al. (1983b). As expected, they could be described by the
power law relationship and behaved like pseudoplastic fluids. Apparent viscosities of 10 to
100 cp (10 to 100 mPa - 5) were reported but unfortunately no X and n values were given.
Unlike the much earlier work of Raza and Marsden (1967) and David and Marsden (1969),
they did not feel that they had fluid slippage in the capillary tubes. A graph of apparent
viscosity vs. quality increased rapidly and went through a maximum at about 95% quality, as
would be expected.

While several authors had described over the years the rheological properties of foam, as
measured in capillary tubes and concentric cylinder instruments, none gave the elegant theoreti-
cal treatment of the subject as did Hirasaki and Lawson (1985). They emphasized the impor-
tance of foam texture in determining the nature of the foam flow. Most of their work dealt
with the flow of bubbles having radii close to those of the tubes and so foam could not be con-
sidered here as a continuum and treated as a fluid. When the bubbles were large compared to
the tube radius, the apparent viscosity varied to the 2.5 power and to the 2.0 power when the
bubbles were small compared to the tube radius. For uniform-sized foams, the apparent
viscosity varied with the -2.0 power of bubble radius small relative to tube radius and the -3.0
power when well explain the differences in results between different laboratories and resolve
the different viewpoints on foam vs gas-surfactant solution flow in porous media. :

In the final report on a US DOE-sponsored project on mobility control of CO, by Heller
and Taber (1983), they described results not only for CO,-foams but also on polymers dis-
solved in CO,. For the former, they screened more than 60 commercially available surfactants
for their suitablility but also for their adsorption on reservoir rock samples. For the polymer
studies they did not have much success. This report contains a great deal of information which
should be studied carefully by new workers in the field. Some were presented in a more
accessible source the following year by Heller (1984). Here, he specifically mentioned that the
most promising surfactants for CO, foams were anionic sulfonate surfactants. He also dwelt
on the use of WAG (Water-Alternated-with-Gas) as a means of introducing the components
into the reservoir.

The results of extensive field tests carried out on a DOE-sponsored project were
presented in a detailed report by Bowman (1983). These were preceded by laboratory work
first on surfactant screening and then on steam displacements with surfactants in large porous
media. The former included both a mixing test developed by Chevron and also a modification
of the refluxing method described by Elson and Marsden (1978). Again the importance of
noncondensible gas as well as corrosion inhibiters were recognized along with the desirability
of partial rather than complete blocking of steam in highly permeable zones. The five field
tests in the Midway-Sunset, Cat Canyon and San Ardo Fields of California either led to pro-
duction of incremental oil or else lead to other positive benefits.
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Another report on a field test described by Eson and O’Nesky (1982) was presented by
Brigham et al. (1984). They reported no operational problems when injecting surfactant solu-
tion and nitrogen gas with steam in the Kern River Field. Tracer studies, injecting profiles,
temperatures at he producing wells, logging and well tests all indicated at least qualitatively
that steam was effectively diverted toward previously unswept areas. A production response
was observed after injection of each slug of surfactant solution.

The necessity of having inert gas such as N, along with the steam was reiterated by
Duerksen (1984). He also emphasized that the foaming agent must be one that would regen-
erate foam at flow rates far from the injection well. He found that foamability varied indirectly
with temperature and directly with N, concentration. He screened 50 commercial and experi-
mental surfactants and found four commercial ones which were particularly good. These were
alpha olefin sulfonates which were relatively insensitive to foam liquid volume fraction, had
good thermal stability (as did most of the sulfonates) but were somewhat affected by brine,
One of his company’s proprietary sulfonates was then selected for the field tests described later
on.

Unlike most workers studying use of foam for mobility control, Hu ez al. (1984) felt that
it was more profitable to study foam flow in capillary tubes than in sand packs. They recog-
nized that the relative size of bubbles and tubes are important as had others, but a good deal of
their work was on flowing lamellae. As the title of their paper indicated, they used alpha-
olefin sulfonates for most of their work.

It is well known that mixtures or combinations of more than one surfactant will often be
more effective than a single, chemically pure species because while some are more effective in
foam generation others are more effective in stabilizaton. Dellinger ef al. (1984) carried out
screening tests on a large number of surfactants and their combinations and found that both
amine oxides and amides improved stability for many anionic surfactants. They recognized,
however, that because of chromatographic separation of surfactant mixtures during flow and
displacements in porous media, such synergistic effects observed outside porous media are an
illusion,

Foams made of CO, were studied by Wang (1984) who reported that their stability
increased with increasing pressure and decreased with increasing temperature. Their foams
deteriorated rapidly when they came in contact with SACROC and Rock Creek crude oils, two
candidates for field in use. He found that while his foams improved oil recovery only slightly
and that too high a surfactant concentration could generate a rigid foam and lead to lower
recovery.

The results of many field tests using thin-film spread agents with steam injection were
reported recently by Blair et al. (1984). While it is not believed that these act as foaming
agents, they are certainly surfactants that are effective in EOR, probably by affecting rock wet-
tability and possibly the properties of the oil-hot water interface. In any event, they reported
that 4700 times the volume of oil was recovered as chemical used.

Two very successful field tests based on the laboratory work of Duerksen (1984)
described earlier were presented by Ploeg and Duerksen the next year. They found that their
proprietary sulfonate both increased oil recovery by steam injection significantly and did so
economically. To get proper mixing of the sulfonate and N,, they used a "static in-line mixer,"
which has almost no pressure drop across it. They felt that sulfonate slug injection was an
acceptable alternative to continuous injection but were unable to optimize both the amount and
frequency of the sulfonate injection. Nor were they able to determine the amount of the non-
condensible gas ( M) to be injected by the results of these tests. Sulfonate concentrations of
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Task 29 - INTEVEP shall provide DOE with information from research and screen-
ing tests performed by INTEVEP, leading to a field test on steam
with additives in Venezuela. The Project Managers shall consult
with one another concerning screening tests and exchange information
on screening tests previously obtained, t©to avoid unnecessary

duplication of research efforts.
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DETERMINATION OF STEAM — WATER RELATIVE PERMEABILITIES
FROM EXPERIMENTALLY OBSERVED PRESSURE PROFILES

Task 29 under the present Annex IV Agreement, c¢alls for INTEVEP to supply DOE
with information on research performed leading to a field test on steam with

additives in Venezuela.

Venezuela's latest experience on the use of additives with steam is a field
test performed in cyelic steam injection wells in the Bolivar Coast. Details
of the field test were presented on the SPE Enhanced 0il Recovery Symposium
(SPE/DOE paper 14905) held at Tulsa, Oklahoma on April, 1986. At present,
INTEVEP's research effort has been adressed to evaluate the influence of the

additives on the performance of the field test.

Hereafter follows a summarizing report containing the description of a mathe-
matical model used to simulate steam-water steady state flow through porous
media. This model has been usad to interpret experimental déta in order to
evaluate the influence of a surfactant on the steam—-water relabtive permea-

bility curves.

29-2



DETERMINATION OF STEAM - WATER RELATIVE PERMEABILITIES
FROM EXPERIMENTALLY OBSERVED PRESSURE PROFILES

(Task 29 of Annex IV of the Implementing Agreement)

Prepared by:
José Luis Ziritt and Freddy Paz

INTEVEP

and

Marfa Elena Barboza and Armando Monsalve
Escuela de Ingenieria Quimica

Universidad de Los Andes

Los Teques, Venezuela

July 1986

29-3



CONTENTS

Page
SUMMARY 29-5
LIST OF ILLUSTRATIONS 29-6
LIST OF TABLES 29-8
NOMENCLATURE 29-9
INTRODUCTION 29-11
MATHEMATICAL FLOW MODEL 29-14
SIMULATION ALGORITHM 29-18
THEORETICAL SIMULATIONS 29-20
EXPERIMENTAL APPARATUS AND PROCEDURES 29-21
EXPERIMENTAL RESULTS & ESTIMATION OF RELATIVE 29-22

PERMEABILITIES

CONCLUSIONS 29-24
REFERENCES - 29-25
ILLUSTRATIONS AND TABLES 29-28
APPENDIX A. CORRELATIONS 29-44

29-4



SUMMARY

A steam-water steady state flow numerical simulator in one dimensional
porous media was used in order to estimate relative permeability curves that
describe the flow process. The estimated curves were obtained by trial and
error, matching the simulator results with the experimental pressure profiles

for the flow in sand packs.

The simulator is based on a mathematical model which considers simulta-
neous flow of the two phases under steady state conditions and local thermody-
namic¢c equilibrium. Heat losses in the direction normal to the flow, as well

as the effect of capillary forces are taken into account.

The method was proven to be an adequate tool to generate relative per-
meability information from experimental data on pressure drops along the
porous medium, total mass flow rate, enthalpy at the system inlet and tempera-

ture differences between core and surroundings.

The computer simulator was also used to analyze the importance of capil-
larity during the flow process under a wide range of flow conditions and
system parameters, providing qualitative information that can be used to

properly desing experimental work.
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NOMENCLATURE

superficial area, m?
heat transfer Area, m?

emissivity coeficient, dimensionless

specific enthaply, Kj/kg

convective heat transfer coeficient, 1 x 107" [é;]
absolute permeability, m?

stainless steel thermal conductivity, Kw/M-°K
= effective permeability, m?

relative permeability, dimensionless

total mass flow rate,Kg/s

pressure, Pa

total rate of heat loss, Kw

universal gas constant, 8.134 KPa.m®/Kg mole.°K
radius, m
Asaturations, dimensionless

absolute temperature, °K

time, s

specific volume, m3/Kg

velocity, m3/s

z—-direction, m
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SUBSCRIPTS

= capillary

= eXternal

= internal

= component index

= liquid water (water)

= total

out= at the ocutlet

= residual

= matrix (sand)

surf=at the surface

T = > &

Q

= water vapor {(steam)

GREEK

= porosity

= mobility, (K.kr/M) m2?/Pa.s
= dynamic viscosity, Pa.s

= density, Kg/m?3

= 5,6699 x 1075 Kw/m2°K
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1. INTRODUCTION

During the last years a considerably amount of work has been done to
improve the efficiency of o0il recovery methods. Since steamflooding is one of
the most efficient ones, very important efforts have been made in order to
develop new technologies to reduce the negative effects of gravity override

and steam channeling, which affect the efficiency of steamflood projects.

The simultaneous injection of additives and wet steam appears to be an
encouraging approach to achieve steam mobility control by developing a foam
blockage in the zones of high steam flow 6.8,9,10,18,22,23, Ryen ﬁhough the
formation of foam fronts and the reduction of steam mobility have been experi-
mentaly observed in the laboratory, not many advances have been made in the

understanding of the mechanism of the blocking process.

Previous studies on steam-additives injection have concentrated in two
areas. First, some authors have looked at the reduction of steam injectivity
by observing the process behavior after addition of surfactant during steady
state flow conditions. The results have been expressed in terms of the
permeability reduction factor, (PRF), which is the ratio of the pressure drop
with steam flow alone, to the pressure drop with steam flow in the presence of
surfactant. The PRF is a convenient parameter to test the relative efficiency
of additives as mobility control agents, but it gives no information on funda-
mental physical aspects and it is not very useful for design purposes. The
second area of study has been the vertical sweep efficiency, which some inves-—
tigators have been looking at in two-dimensional physical models. In this
case, the obtained information has been reported in terms of increased oil
recovery, and/or in terms of the modification of the steam front advance
pattern, during unsteady state conditions, which some researchers have been
able to monitor. Again, this information by itself is not very useful for
design purposes but can be included in theories or odels for the descripﬁion

of the steam—additive process.
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The needed information to properly describe the foam blocking process
should probably be concerned with fundamental aspects such as the rheological
behavior of the created foam or the modification of the relative permeability
curves in the presence of surfactant. To the authors knowledge, there is no
reported data on the rheology of steam foams and recent studies on relative

permeabilities are unfortunately very scattered and contradictory?+%.!3.

14,15,20

If the channel flow concept is assumed to be valid to describe vapor-lig-
uid flow, that is, if the liquid and its vapor move through their own separate
network of interconnecting c¢hannels, then, the conductivity of a porous medium
to each phase can be expressed by the effective permeability of the medium, as
defined by Darcy's law"*-7. In theory, any standard method can be used to
measure the effective permeabilities of simultaneous vapor—-liquid flow.
Nevertheless, most methods require the measurement of the flow rates of each
phase as well as the saturations inside the porous medium!®.'?, and in the
case of steam, measuring flow rates becomes the problem of measuring steam
quality, which has been the bottleneck of this kind of work, specially for the
flows 1involved in laboratory flooding tests. Furthermore, saturations in
flowing steam systems are also troublesome to measure, Most difficulties in
measuring these variables are associated to heat exchange between the flowing
steam, the porous medium and the surroundings. The effect of heat transfer on
the flow behavior has been pinpointed by previous investigations and it has
been demonstrated that the flow pattern inside the porous media is a function

of the heat losses to the surroundings'®.

These experimental difficulties are probably the main reason for the
apparent differences in the reported relative permeability curves of steam-
water systems, as shown in Figures 1 through 5. Obviously, if the steam-water
relative permeability curves are not well defined, it would be hard to make

any solid conclusion about the effect of the presence of a surfactant.

In order to partially aveid the above difficulties we can use a different
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approach, which consists 1in combining easy-to-get experimental data with
computer simulation techniques based on general models for the flow process.
Using the conservation equations for mass and energy, it is possible to write
a general model for the simultaneous flow of vapor and liquid, provided that
the flow channel concept is applicable to the system. The validity of the
model depends on the availability of proper relative permeability relation-
ships. A trial an error technique can then be used to match the mathematical
simulation results with the experimental data. The fitting parameters will be
the relative permeability relationships, and the testing criteria will be the
difference between calculated and observed pressure profiles. This method
reduces the experimental task to monitoring pressures along the flow system,
eliminating the need of measuring individual phase flow rates and saturations

inside the porous media.
If the same technique is applied to data obtained in the presence of

surfactant, then some insight on the additive effect on the relative permea-

bilities can be obtained.
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2. MATHEMATICAL FLOW MODEL

The continuity equation for two-phase flow of liquid and vapor through an

horizontal porous media, can be written as:

ot

If the system operates under steady state conditions and the flow is one

dimensional, then equation (1) reduces to:

d

3z Loy, + oyl -0 (2)

which, in an integrated form is:

ve o *oopovo= 2 (3)

- k. P
v, = - | J ) J (m)

=K K _. (5)

The introduction of equations (5) and (4) into (3), in order to eliminate the
velocities and effective permeabilities, results in the following expression

which relates the pressure gradients in each phase:

L e T T "
b az b, dz A
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For this system, an energy balance under the assumption of neglegible
heat conduction in the direction of flow is:

IRy o 5 Sh
ot Lq’(pLSLhL‘L pvsvhv) + ¢)pshsj M LpL\)LhL+ pvvvth

o

v (8 -0 (7

<t

where heat 1loss from the core to the surrounding environment is given by the

following expression, which describes the heat flow by conduction through the

core holder, and radiation and convection from its surface:

Qp _ _ _ 4 o "
T Kss (Ti Tsurf)/ln (re/ri) eo (Tsurf Te )
* hc (Tsurf - Te) (8)

With the assumption of steady state conditions and one dimensional flow,

then equation (7) can be written as:

d _d Qp y _
3z (eLuhLt eyu ) T vy 0 (9)

In an integrated form and after introducing Darcy's velocities, the
previous equation becomes:

pLKerhL dPL ) vakrvhv dPV Qp

(10)
H, dz My dz At A

The pressures in each phase are related to each other through tne capil-
lary pressure:

C v L (11)
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as well as to the vapor pressure and temperature of the system through

Kelvin's equation??,

P, Po_P,
n )= —==) (12)
PV pL/RT

The mathematical model becomes totally defined by introducing proper
expressions for the pressure-temperature equilibrium relationship, the
density, enthalpy and viscosity of each phase, the relative permeabilities and

capillary pressure vs. saturation relationships, and the definition of

saturations:

Py = Po(D) (13)
oL = e (PL,T) (14)
py = 0, (P,T) (15)
hy o= b (P ,T) (16)
h, = hv(PV,T) (17
w = o (P ,T) (18)
by = (P, T) (19)
L= er(SL) (20)
Koy Kpy(Sp) (21)
PC = PC(SL) (22)
S+ 8, =1 (23)
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The integration boundary conditions for equations (6) and (10) can be
established by taking into account the continuity of the pressure at the
outlet of the porous medium, and by fixing the flow condition at the inlet or
at the outlet of the system. Pressure continuity is achieved only when the
non-wetting phase saturation at the outlet of the porous medium 1s equal to
the residual value, which means that there is a very large saturation gradient
at the outlet of the system (and the capillary pressure approaches zero)'®,

Thus, the boundary conditions can be expressed as:

S. =1 -3 at 2z = L (24)
L vr

and

PL = Pv = Pout at z = L (25)

The integration of equations (6) and (10) can be performed by any
suitable numerical technique after some algebraic manipulation to separate the
dependent variables. In fact, if dPV/dz is eliminated by direct substitution
of (6) into (10), an explicit equation for the liquid pressure gradient is

obtained as:

- ’ _ 2 : 2 1
dPL - Mo . At (hv ho)(Ac/At) LQpAcJ/(MoAt) (26)
A Aé hv- h

L -
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3. SIMULATION ALGORITHM

The previous mathematical model was solved by the following procedure,
given the dimensions of the porous medium, ¢the total mass flow rate and
enthalpy of the injected steam, the outlet pressure and the proper relation-

ships for equations (13) to (22):

a. The equilibrium temperature and relative permeabilities are calcu-
lated from the given relationships and the Kknown boundary conditions at the
outlet.

b. The properties of the fluids are calculated from the supplied corre-
lations and assuming the same pressure for both phases (zero capillary pres-

sure) for the initial step.

c. The derivative of the liquid phase pressure with respect to position

in the porous medium is calculated from equation (26).

d. The derivative of the vapor phase pressure with respect to position

is calculated from equation (6).
e. The two pressure gradients are integrated numerically, using a fourth
order Runge-Kutta technique, £o obtain the values of the pressures at a new

position inside the porous medium.

f. The capillary pressure at the new position is obtained from the cap-

illary pressure definition (11).

g. The Kelvin equation (12) and the equilibrium relationship (13) are

simultaneously solved to obtain the new vapor pressure and temperature.

n. The saturations and permeabilities are then calculated at the new

position.
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i. The calculation procedure is repeated from step b until the inlet of

the system is reached.
Appendix A presents the set of correlations used for the vapor pressure

vs. temperature relationship, the densities, enthalpies and viscosities of

each phase, and the capillary pressure vs. saturation relationship.
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4, THECRETICAL SIMULATIONS

In order to test the suitability of the computer model, several runs were
made in order to predict the pressure profiles and saturations along an hypo-
thetical porous medium. For this purpose, two previously reported sets of
relative permeability curves were used, which are included in Appendix A. All

of the simulations were performed keeping constant the following parameters:

Core length: 30.0 cm
Core diameter: 3.8 cm
Porosity: 0.35
Inlet steam quality: 0.80

Mean temperature difference

cetween the core and the souroundings: 5 °F

Figures 6 through 12 present typical saturation and pressure profiles
obtained by simulation under different flow rates, pressure levels and abso-

lute permeabilities.

These results indicate that, for typical dimensions and characteristics
of cores used in the laboratory, capillary forces are important and should not
be neglected during the analysis of experimental data. As previously observed
for gas-liquid systems, the importance of capillarity is reflected in a very
sharp increase of wetting phase saturation towards the outlet of the system.
The relative magnitude of this non-homogeneous saturation profile is reduced
by increasing the total flow rate, (Figures 7 and 9), by reducing the absolute
working pressure, (Figures 7 and 11), or by reducing the absolute permeability

(Figures 6 and 9).
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5. EXPERIMENTAL APPARATUS AND PROCEDURES

The experimental arrangement shown in Figure 13 was used to obtain pres-
sure profiles during the steady state flow of wet steam water through uncon-
solidated sand packs. ATICA sand, (92% quarts, 4% AL,0; and 4% Fe,0,;) was
packed by vibration into a 30 cm long, 3.8 cm internal diameter stainless
steel core holder, given a 0.34 porosity sand pack with an absolute permea-
bility of 4 darcies. The experimental procedure consisted of first saturating
the porous media with water and then heating the whole system to a temperature
of about the Dboiling point of water at a pre-established outlet pressure.
Superheated steam was then generated by circulating water through a generator
(20 °C superneating) and allowed it to flow into the sand pack simultanecusly
with a stream of liquid water at a flow rate enough to obtain 80% quality
saturated steam. The flow through the cell was monitored by reading pressure
and temperature at the inlet, outlet and at three points through the porous
medium. The total flow rates were carefully measured at the inlet and outlet
of the system. The experimental data finally obtained and used to feed the
simulator, corresponded to the values gathered once the steady state condition

was achieved, as indicated by constancy of the measured variables.

29-21



6. EXPERIMENTAL RESULTS AND ESTIMATION OF RELATIVE PERMEABILITIES

The obtained eXperimental pressure profiles are presented in Tables 1
through 3. Starting with a polynomial which represented Martin's relative
permeability curves, the simulator was used to obtain by trial and error the
coeficientes of third order polynomials for permeability versus liquid satura-
tion, which gave, in the average, the calculated pressure profiles closest to

the experimental ones. The obtained equations were the following:

It

- 2 _ 3
KPL 0.489285 - 3.98495 SL + 8.955563 SL 2.967175 SL (27)

K

-~ 2.50995 =~ 0.35611 SL - 11.2325 SL2 + 8.678125 SL3 (28)

In Figure 14 we present these equations for the saturation range pre-
dicted by the simulations. The fitted experimental pressure profiles are
presented in Figures 15 to 17 and, for comparison, Figure 18 shows the pres-
sure profiles that are predicted by using the permeability relationships
reported by Martin and Counsil. This last figure indicates that none of these
two permeability relationships represent the flow characteristics of the
studied system while the obtained empirical correlations give a suitable

representation of the experimentally observed pressures.

The saturation profiles for some of tne experiments, calculated using the
above polynomals, are presented in Figures 19 to 21. We can observe that

capillary end effects are importat in all cases.

To verify the sensitivity of the method to changes in the relative per-—
meability curves arising from the presence of additives, an experimental run
was made using 80% quality steam with an ionic commercial surfactant (0.5% w
of the liquid phase). The experimental data is presented in Table 4.
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Following the same procedure as before, the relative permeability equa-

tions for the system were found to be:

- = — - 2 3
KPL— 0.38303 ~ 2.35624 SL 4,.80944 SL + 3.32352 SL (29)

_ - 2
Krv— 0.27199 - 0.39845 SL + 0.72498 SL (30)

These relatioships are graphically presented in Figure 22 and comparing
with Figure 14, it is noticed that the presence of the surfactant drastically
reduces the relative permeability to the vapor phase and shifts the liquid
permeability curve toward higher saturation values. Figure 23 'shows the
corresponding pressure profiles when the surfactant material is added to the
system, while Figure 24 presents the calculated saturation profiles. An

important reduction in the capillary end effect is observed (very uniform
saturation profile).
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7. CONCLUSIONS

The computer simulator implemented in this work properly deseribes the
qualitative aspects of the wet steam flow process in a porous medium, as
indicated from the expected behavior of pressure profiles and saturations
under typical conditions. The hypotetical simulations using relative permea-
bility data from the literature have shown that the capillary end effect is
more important at lower flow rates. This is the result of an increase in the
relative importance of capillary forces with respect to viscous forces, as
velocity is reduced. Finally, the reduction in importance of capillarity, as
the total pressure of the system is lowered, was also verified by the simula-

tor.

Furthermore, the computer model was used to generate relative permea—
bility curves that properly represented wet steam flow conditions in porous
media. The technique was tested for steam flow in the presence and absence of
surfactant, and we verified previously reported observations about reduction

of both phases relative permeabilities when a surfactant is present.
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TABLE 1. Results of the 300 psia steam flow tests.

Mass Flow Position PExp PCounsil PMartin PCalcul
Rate

(g/min) (cm) (psia) (psia) (psia) (psia)
2 0.0 299.32 302.29 301.4 298, 44
4,5 298.94 301.72 301.02 298.27

24.5 297.77 298. 81 298.89 297.45

30.0 297.22 297.22 297.22 297.22

Y 0.0 305.22 310.69 308.72 304,48
4.5 304,53 309.70 308.08 304.18

24.5 303.04 304,79 304.69 302.70

30.0 302.24 302.24 302.24 302.24

6 0.0 311.24 318. 1 315.08 309.72
4.5 311.02 316.92 314,21 309.28

24.5 306.74 309.94 309.67 307.15

30.0 306. 46 306.46 306. 46 306.46
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TABLE 2. Results of the 200 psia steam flow tests.

Mass Flow Position pExp pCounsil PMartin PCalcul
Rate

(g/min) (cm) (psia) (psia) (psia) (psia)

2 0.0 194,21 197.27 196.17 194.30

4,5 193.90 196.62 195.73 194.05

24.5 191.76 193.23 193.26 192.49

30.0 191. 47 191.40 191.40 191.40

y 0.0 198. 44 204,45 201.53 198.08

.5 198.40 203.07 200. 7 197. 61

24.5 194,42 196.56 196.35 195.00

30.0 193.22 193.22 193.22 163.22

6 0.0 202.74 211.05 206.82° 202.52

4.5 202.66 209.25 205.80 201.95

24.5 298.07 200.87 200.51 198,83

30.0 196.72 196.71 196,71 196.71
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TABLE 3. Results of the 100 psia steam flow tests.
Mass Flow Position PExp PCounsil PMartin PCalcul
Rate
(g/min) {cm) (psia) (psia) (psia) (psia)
2 0.0 117.62 121.64 119.12 114.35
4,5 116,22 120. 44 119.39 113.98
14,5 114,82 117.76 116.60 113.10
24,5 112.22 114.60 114,42 112.12
30.0 111.52 111.52 111.52 111.52
il 0.0 120.47 132.36 127.18 120.35
4.5 117.62 130.26 126.02 119.75
14,5 116.43 125.48 123.25 118.31
- 24,5 1M5.77 120. 44 120.00 116,68
30.0 115.62 115.62 115.62" 115.62
6 0.0 123.385 139.67 132.03 123.38
4,5 119.530 136.82 130.48 122.58
14.5 119.330 130.25 126.88 120.69
24.5 117,143 123.34 122.72 118.51
30.0 117.055 117.05 117.05 117.05
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TABLE 4., Results of the steam-surfactant flow test.

Mass Flow Position PExp pCounsil PMartin PCalcul Pw/surf‘.
Rate

(g/min) (em) (psia) (psia) (psia) (psia) {psia)

2 0.0 239.85 242,45 241,42 239.58 251.14

4.5 238.99 241,84 240,98 239.32 249.53

24.5 237.18 238.53 238.57 237.83 242.27

30.0 236.75 236.75 236.75 236.75 236.75

4 0.0 246,12 230.38 228.30 225.58 246,10

4.5 243,60 229.34 227.65 225.19 243,35

24,5 228.79 224,24 224,12 223.04 230.88

30.0 221.56 221.56 221.56 221.56 221.56
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APPENDIX A. CORRELATIONS

A.1 Liquid water properties?

A.1.1. Water density

The density of water can Dbe calculated as the inverse of the specific/

volume, and this is given by the expression:

VL = 1072 (A-BP-CP?2) vL = 10"°% (A - BP - CP?)

where P is the pressure in psi and A, B and C are temperature dependent coef-

ficients defined as follows:

A, = A,T + AT* - (A/T) + (A/T?)

=
i

B = -B, + B,T - B,T? + (B,/T) - (B,/T?)
C= C, + C,T

and the constant parameters are:

A, = 5.916365 B, = 0.52049144 x 102
A, = 1.0357941 x 1072 B, = 0.10482101 x 107"
A, = 9.2700482 x 107°© B, = 0.83285321 x 107
A, = 1.1275221 x 10° B, = 1.1702939

Ag = 1.006741 x 10° B, = 1.0227831 x 102

C, = 0.11854697 x 1077 C, = 0.65991434 x 1071°

A.1.2 Water enthalpy
The enthalpy of water is given by:
hL= (0.166807 x 1072 T2 + 0.930556 T - 2&.5765} / 4.03031 x 107"

where hL is in Joules/kg and T in °F.
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A.1.3 Water viscosity

The viscosity of water is obtained through the empirical equation:

po= (0.182143 x 107" x T? - 6.5464 x 107% + 0.7555) x 10~3

with T in °C and the viscosity in N/(seg m?).

A.2 Properties of the vapor phase '?

A.2.1 Steam density

Steam density is obtained as the inverse of the specific volume given by

the equation:

VV= ((R TC TR / PR) + 1O~36) / PR

where:
Vy
R
T¢
Tgr
PR
s 4

and Br,

= Specific volume (m3/kg)

= Universal gas constant

= Critical Temperature (°K)

= Reduced Temperature

- Pseudoreduce Pressure (x 10°% pascals).

=BT+2XCTXPR+5XDTXP“R*’TSXETXP"“R

Cty Pr ¥y Er being temperature dependent coefficients given Dby

the following expressions:

o
]

= BlT

g *Bat (B3/Tg) + (Bu/Tp?) + (Bs/Tp®) + (Bo/Tp®)

= CI_TR + C2 + (Cg/TR) + (CL,/TRZ) + (CS/TRIO)

D, + (DZ/TR) + (D3/TR2) + (DQ/TR‘S) + (DS/TRZS) + (DG/TR”S)
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ET = (E1/TR7°) + (EZ/TR’S)
where:
B, = 4.1538 C, = 5.630U4
B, = -12,497 bz = -28,236
B, = 37.681 C, = U7.842
B, = ~73.427 C, = -26.684
Bs = 5.2756 Cs = ~ 2.5064
Bg = ~ 5.914
D, = 0.52193 x 1072 E, = 0.2136 x 107"
D, = - 0.12163 x 107! E, = - 0.30436 x 107"
Dy = 0.93878 x 1072 )
D, = 0.026
;= - 0.14692
D, = - 0.28834 x 1073

A.2.2 Steam enthalpy

The enthalpy of steam, in Joules/kg, is obtained from the folliowing

correlation:

- - 2
hy = -RT, AT, T2 + CP e

with

« = BTD + PR CTD - DTD PR“ + ETD PRI“

Where AT,, BTD, CTD, DTD y ETD are also temperature dependent coef-

ficients!®.
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A.2.3 Steam viscosity
Steam viscosity was calculated using the following equation':
ny = ET * o0, (3470 + 5.90 T)
where
py is the steam density in m®/kg,
T 1is the temperature in °K, and

Er = —6.5634 + 0.267 T + 2.55 x 107 T2 ~ 1.3303 x 1077 T?
~2.2475 x 107! T* + 1.8488 x 107" T®

A.3 Steamwater equilibrium relationship

The following equation was used to determine the equilibrium temperature

of wet steam?:

1n(Py) = A~ (B/T) = C 1n(T) + DT

where:
A = 71.024449
B = 7381.6477
C = 9.0993037
D = 0.0070831558

A.4 Capillary pressure

The following expression has been used to calculate capillary pressure

assuming that the steam-water system behaves like an air-water system'*
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log (P, / 6894.76) = (2.14763 ~ 4.19084 S+ 2.04U15 S ?)

C
with pressure in psi.

A.5 Steam-water relative permeability curves

The following two sets of steam-water relative permeability curves, as

given by Martin'® and Counsil®, have been used for the simulations.
A.5.1 Martin's relative permeability curves

The curves in Figure A.1 have been fitted by Monsalve'!" to the following

expressions:
- - I 3
er = 0.195714 1.59398 SL + 3,582225 SL 1.18687 SL
k = 1.,00398 - Q.14244y SL -~ 4.,49301 SL2 + 3.47125 SL3

rv

for

0.28 < Sy, < 0.95

A.5.2 Counsil's relative permeability curves

The curves in Figure A.2 have also been fitted by Monsalve'™ to the

following equations:

~
]

— - L 3
oL 1.06675 + 6.56214 SL 13.3943 SL + 9,2559 SL

- 2
krV 0.757482 1.10969 SL + 0.348068 SL
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Task 30 - DOE shall provide INTEVEP with information from
laboratories studies conducted by Sandia on the injection
of combustion gases with steam as a thermal recovery
method. The project will determine the possible effects
of non-condensible gases, such as nitrogen, and
potentially soluble carbon dioxide on oil recovery.
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THERMAL EOR PROCESS RESEARCH AND DEVELOPMENT

Daniel P. Aeschliman
Donald L. Markwell

Sandia National Laboratories
Albuquerque, New Mexico

INTRODUCTION

One particularly critical aspect of EOR technology is process con-
trol. Production rates, injection rates, and the location and number of
wells can be used to control the migration of fluids in the reservoir and
thereby influence the amount of oil ultimately recovered. Moreover,
monitoring the geometry of fluid migration patterns and inferring the
shape and velocity of the constitutive zones of an EOR process is central

to process control and is, therefore, essential to optimize production.

A variety of instrumentation techniques have been applied to the
problem of monitoring EOR processes.1 These include tracer tech-
niques,z pressure interference,3 and transient analysis,4
passive,5 and active6 seismics and the electromagnetic techniques,
geotomography,7 and controlled-source audio magnetotellurics
(CSAMT).8 In contrast to geotomography which requires two or more
wells to accommodate a crosshole survey, CSAMT is a pure surface tech-
nique. As such, resource depth and overburden electrical properties are
important parameters relating to technique applicability. The CSAMT

technique has been described in Task 27.

As a practical matter for EOR front mapping by CSAMT or other elec-
tromagnetic techniques, it is essential to know the resistivity varia-
tions associated with the EOR process in order to interpret the field
data quantitatively. A fundamental assumption is that significant
changes in reservoir electrical properties, resistivity in particular, of
the reservoir oceur as a result of the EOR process. In this context,
"significant” is generally regarded to be at least a factor of two, and

preferably an order of magnitude or more. CSAMT demonstration field
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dataB'9 suggest substantial resistivity contrasts; however, a subsur-
face resistivity contrast map prior to steam injection was not obtained,
so it is not possible to draw quantitative conclusions from those data.
An important observation of that study was that the spatial resolution
appears to be substantially better than expected based on plane-wave
theory; consequently, resistivity contrasts may not need to be quite as

large as is generally believed.

Therefore it is important to understand what changes occur and how
those changes relate to the constitutive zones of the process. One
approach to gaining the understanding involves laboratory studies using
combustion and steam tubes. Combustion tube experiments have shown a
two-decade change in resistivity as the combustion front traverses the
core material.lo Current research at Sandia National Laboratories
includes physical simulations of EOR processes using the Petroleum

Extraction Simulation Laboratory (PESL).

To date three experiments have been performed in PESL that relate to
thermal EOR process-dependent reservoir electrical properties. The first
was conducted in December of 1984 and represented a demonstration of most
of the PESL subsystems. Low-pressure (100 psig) steam of undeternmined
quality was used to displace heavy (13 degree API) crude from an unchar-
acterized sandpack (core pressure measurement capability was not
available at that time.) Results of the first test were summarized
br‘iefly.11 In general, the conclusions from that effort were discour—
aging in that observed electrical conductance variations in the simulated
core were only 25% or so; if true, such low contrasts would not be

sufficient to support application of CSAMT in the field.

Subsequent to the 1984 test substantial staff personnel changes
resulted in the facility being idled for nearly a year, at which time the
decision was made to restaff, to implement certain needed facility
modifications, and to resume experimentation. Since then, a number of

important changes have been made to PESL, and two tests have been
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conducted. The first of these was a steam displacement of brine,
performed December 11-12, 1986. The second, conducted February 18-19,
1987, was a steam displacement of heavy o0il and brine, and was designed
to simulate, as closely as possible, heavy oil recovery using steam drive
in a California heavy oil reservoir. Specifically, the test simulated a
steam flood in the Tulare D" sand at a depth of about 700 ft (210 m) in
the South Belridge field, wunder development by Shell G©California

Production Inc. near Bakersfield.
PESL DESCRIPTION

PESL is designed to allow a variety of EOR process simulations for
realistic reservoir conditions and process parameters. Pressures up to
1180 psig and external wall temperatures of up to 662°F are permissible
simultaneously. 1In principle, core temperatures in excess of 1500°F are
allowable so long as external temperature 1limitations are observed.
However, instrumentation internal to the coreholder is limited to

sustained temperatures of 600°F and below.

Although the design of PESL is directed primarily at thermal EOR
processes (steam injection, with or without additives, and in situ
combustion) other process simulations are feasible (chemical and
immiscible gas flooding, for example). Current interest centers on the
determination of reservoir fluid electrical properties, electrical
resistivity in particular, during steam injeetion as a function of

process variables and reservoir characteristies.

As shown by Leslie12 complete physical scaling of thermal EOR
processes in PESL is not feasible, since thermal and fluid mechanical
scaling laws cannot ©be satisfied simultaneously except at low
pressure.13 The electrical properties of fluid electrolytes are strong
functions of temperature, primarily through the dependence of ion
mobility on viscosity; hence, we have chosen to reproduce the thermal and

fluid environment at the expense of physical scaling. Our objective is
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to determine the relative change in electrical resistivity of simulated
reservoir fluids that occurs as a result of the recovery process. To the
extent that the simulation provides a realistic representation of an
actual reservoir undergoing an equivalent EOR process, such data should
provide essential information for the interpretation of CSAMT (or any
other electrical measurement system, Surface Electric Potential (SEP)),

process front mapping data from the field.

A generalized PESL system schematic is shown in Figure 1. The

various subsystems are described below.

Coreholder/Core/Pressure Vessel

The coreholder is a 4.00-in ID x 72-in. long x .042-in. wall TInconel
600 cylinder. Pressure and thermocouple ports are provided as shown in
Figure 2. 1Inconel flanges and metal O-rings provide isolation of the

coreholder from the pressure vessel.

The core consists of unconsolidated 80-100 mesh Ottawa sand. The
core is a sandpack assembled vertically, outlet end up, with the
coreholder removed from the pressure vessel and with the impedance grid
structure and core thermocouples in place. A sintered metal filter, with

16 holes for the impedance grid leads, is used to prevent sand production.

A total of 12 two-piece cylindrical bandheaters, each 5 in long and
rated at 1500 w at 240 vac, are strapped to the coreholder at 6-in
intervals. The bandheaters are wired to independent variable trans-
formers to compensate for radial heat 1loss as the thermal front

progresses axially through the core.

The ASME-code pressure vessel (p.v.) is 10.5 in ID x 81.0 in long,
excluding flanges, with a wall thickness of 1.125 1in. The p.v. is
mounted on a swiveled yoke to permit operation at any dip angle with

respect to horizontal. The coreholder is bolted to the p.v. flange at
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the inlet end; the p.v. flange is provided with 12 NPT ports for fluid
and electrical feedthroughs. 1In addition, the p.v. inlet flange is
provided with temperature-controlled heat tapes and insulated to allow
preheating, so as to minimize heat loss from steam during the early

phases of steam injection.

Steam Cenerator

A high-pressure (6000 psi MAWP) resistance-heated stainless steel
autoclave was adapted for steam generation. The maximum steam generation
rate is about 2 1l/br CWE, a limit imposed by the input power rating.
Average input power for steady operation at a given mass flow is
maintained by means of a temperature controller which senses the heating
element temperature. Water is injected using a high-pressure, medium-

capacity (3000 psi,6 l/hr) positive displacement pump.

Saturated or slightly superheated steam from the generator is further
heated to a desired degree of superheat (typically 40°F) by temperature-
controlled heat tapes on the generator outlet line. Saturated steam of a
given quality is produced by injecting cold water at a rate dependent on
the mass flow and observed degree of superheat using a low-capacity,
high-pressure (0.5 1l/hr, 6000 psi) positive displacement pump.
(Additives such as foaming agents or other chemicals could be introduced
downstream of the cold water injection point.) All steam lines are

insulated with 1 to 2 inches of high-density fiberglass pipe insulation.

Flow Control

The flow control and distribution system consists of stainless steel
tubing and Swagelok fittings throughout, with insulation on all lines
subject to high-temperatures. Valves subject to steam use metal-to-metal
stainless steel seats. System pressure is controlled via a precision
backpressure regulator at the effluent drain. A water-cooled concentric-
tube heat exchanger immediately upstream of the regulator is used to

remove residual heat in the effluent during steam displacement, and acts
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as a total calorimeter for evaluating the steam quality when used in the

core bypass mode.

The steam generation system is stable within a few percent with only
minor, infrequent adjustment over indefinite periods when there is
minimal core pressure drop. During steam injection into a core saturated
with viscous heavy o0il, however, most of the system pressure drop can be
expected to occur within the core, and to be a maximum at the start of
steam injection and decrease in time as oil is heated and displaced by
steam. Although this problem was anticipated, we had underestimated the

difficulty in maintaining stable system operation during oil displacement.

Instrumentation

Temperatures are determined using Type K ungrounded .062-in. OD
stainless steel sheath thermocouples: 12 along the core centerline, 12
at the core perimeter, and 12 at the coreholder surface, all at 6.0-in

intervals, and seven other system locations.

Pressures are determined using Validyne variable-reluctance
transducers. The absolute pressures measured are the steam inlet and
coreholder outlet pressures, core pressure at pressure taps 1 and 6, the
coreholder confining pressure (i.e., the pressure in the p.v./coreholder
annulus), and ambient pressure. Differential pressures are measured
between each adjacent pair of coreholder pressure taps located on 1-ft

center.

The core fluid electrical conductance was determined as a function of
frequency for each grid pair. Excitation frequencies vary from
5-5000 Hz, and span the approximate range of values for field
applications. The grid and grid support structure consist of eight
electrically-independent grid pairs on 9-in. (22.9 cm) centers. The
grids are fabricated from gold-plated nickel' shim stock, bonded to
.040-in. thick alumina supports, and separated by 0.50-in. thick ceramic

insulators. The system is assembled as a complete unit wusing a
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triangular arrangement of 4-40 threaded rods. This provides a strong,
light-weight assembly that simplifies installation into the coreholder
and ensures that the grids remain parallel and correctly positioned

during core fabrication and subsequent operations.

Data Acquigition and Control System

The data acquisition and control system consists of a computer,
multiprogrammer, multiprogrammer interface, variable-frequency impedance
analyzer, scanners, and autoranging digital voltmeter. The computer
controls the function of all other components via software, stores data,
and writes permanent records on floppy disc and on paper. The program
allows for a substantial amount of operator control via keyboard
interrupts. The multiprogrammer and interface act as an intelligent
switchbox to relay data and logic instructions between the computer and
the other peripherals. The impedance analyzer determines the real and
imaginary parts of the complex impedance (resistance and reactance,
respectively) for each grid circuit individually for the program-selected
frequencies. Short and open calibrations are used to compensate for lead
and contact resistance, and for stray capacitance and inductance. The
scanners direct analog temperature and pressure signals to the digital
voltmeter and return digitized data in a program-controlled cycle. The
digital voltmeter has a resolution of 1 microvolt and an absolute

accuracy of 10 microvolts or better, depending on range.

CORE CHARACTERIZATION

Average core porosity was determined to be 36%, based on the ratio of
volume of water injected during core fabrication to the total coreholder
volume. Using Darcy's law, the differential pressure, and the volume
flow rate, the absolute permeability k was determined to be 14-18 darcies
as a function of position (averaged over 1-ft intervals, the pressure tap
spacing) in a series of steady flow experiments. Some of these involved

displacements of deionized water by brine, or vice versa. Consistent
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with this apparent high degree of uniformity are the data of Figure 3
which shows time of displacement front passage (as evidenced by a sharp
change in resistivity) vs impedance grid position. A summary of the
measured core properties and the properties of the Tulare "D" sands as
reported by Hitel4 is presented along with other relevant test and
system parameters in Table I. The most significant difference is in the
permeability, which averages 16 darcies in the sandpack and 2-3 darcies

in the field.

A concern in using confined cores 1is the possibility of high-
permeability paths at the interface between core and coreholder. A
series of steady flow experiments with varying confining pressures showed
no statistically significant effeect of confining pressure on core
permeability. This suggests to us that the coreholder is probably in a
state of slight tensile hoop stress, a favorable condition for

maintaining core uniformity.

TEST DESCRIPTIONS

Brine Displacement Test

This test was performed to exercise all facility subsystems under
test conditions and to gain operational experience over expected test

times (10- 20 hrs) prior to saturating the core with oil.

The core was saturated with brine (1.5 wt% NaCl in deionized water).
Brine injection was continued until the conductance as measured at each
grid pair was constant; brine quantity injected was in excess of 2 pore
volumes. The pressure vessel flange was preheated to approximately 400°F
to minimize heat loss from the steam. Steam at a pressure of 250 psia
and quality of 70% was injected at 1.0 liter/hr. Except for bandheater
no. 1, which was activated at the start of steam injection, the
bandheaters were energized as the steam front passed the adjacent

downstream centerline thermocouple.
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Examination of the core temperature vs time data indicates that the
core centerline temperature increases somewhat more rapidly than does the
temperature at the wall, with saturated steam reaching the center
6-20 min ahead. For the average steam front velocity observed,
0.3 em/min, this represents a difference of 2 to 6 cm in axial distance.
We suspect that the discrepancies are related to bandheater operationm,

both in time of actuation and power level.

The fluid conductance in Siemens (reciprocal ohms) is shown as a
function of time for the seven grid pairs in Figure 4. The overall
electrical response at each station is similar, a response interpreted as
follows. As an example, consider grid pair 3, located 22 in. from the
inlet. Initially, the conductance is essentially steady as brine at
nearly constant temperature and velocity flows through the grids. This
is denoted as Region A in Figure 4. Due to thermal conduction and
convection the temperature ahead of the brine/condensation interface
starts to increase, Region B. The temperature rise increases the ion
mobility, which is reflected in an increased conductance at constant ion
concentration. The decrease in conductance in region C 1is ascribed to
steam condensate mixing with brine ahead of the steam front; presumably
the decrease would be sharper were it not partially compensated by the
effect of 1increasing temperature as the steam front approaches. The
period of again nearly constant conductance, denoted by D, is the
condensate zone; for a constant steam front velocity and condensation
rate, its length is proportional to axial distance along the core (i.e.,
to cumulative condensate volume.) The conductance increase denoted as
Region E reflects the rising condensate temperature as the steam front
approaches. As the steam front passes through the grids; condensate is
replaced by vapor and the conductance rapidly decreases (Region F). The
rate of change of conductance during steamfront passage is a function of
the grid separation, steam front velocity and geometry (planarity, tilt),
and quality variations behind the front. The time for the conductance to
decrease to half value is about 10 minutes, of which 5 minutes can be
ascribed to steam front transit time between grids and the remainder to

the other effects noted.
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Approximately 10 hrs into the run, at which time the steam front had
traversed 75% of the core, a sudden and complete loss of bandheater power
oceurred and we could no longer compensate for core heat loss. As a

result the steam front stagnated, and the test was aborted.

0il/Brine Displacement Test

The core was prepared by first flushing the core extensively with
deionized water followed by saturation with 1.5 wt% brine. The core was
preheated to approximately 150°F to improve injectivity and then
saturated with heavy oil. The oil was a dewatered sample of 13.9 API
crude supplied by Shell cCalifornia Production, Inc. An autoclave
incorporating a gas-driven piston and provided with temperature-
controlled heat tapes was used to inject oil preheated to 150°F.
Injection rate was monitored via observed piston displacement, and was
typically 20 ml/min. ©0il injection was from the top (core inlet) to
provide a stable displacement of brine. Injection was continued until the
produced oil was totally water-free. A volume-balance at that point

yielded an oil saturation of 83%. The "D sand oil saturation averages

65%.

Pressure data were obtained throughout the injection procedure,
These data were used to derive the apparent viscosity. The agreement
with data provided by Hite14 is excellent. The core conductance before
and after oil saturation and the brine saturation were then used to
determine the wettabilility state of the sand based on the Archie
saturation equation.15 The exponent n was 1.6, leading to the

conclusion that the sand was fully water wet.

Again the pressure vessel flange was preheated to a temperature near
400°F prior to steam injection. The core was preheated to about 150°F in
order to improve steam injectivity. Steam injection rate was 1 l/hr at a
nominal pressure of 250 psia and quality of 70%, as before. The effluent

was periodically sampled and centrifuged to obtain oil cut. All effluent

was collected.
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Core temperature data as a function of time were similar to the brine
displacement results. Average steam front velocity was approximately
0.25 cm/min, with more variation than Dbefore. The effects of
uncertainties in bandheater actuation and power level were again apparent

in the wall temperature data.

The conductance vs time data are presented in Figure 5. Although
somewhat noisier, and with one exception, the data are qualitatively
similar to the results seen for steam displacing brine alone. The
exception is that the conductance at each grid station steadily decreased
with time after the start of steam injection, although the overal) change
was about the same. Again the overall conductance variations are several
orders of magnitude, more or less equally divided between the effects of

condensate and vapor.

Gross production exhibited large oscillations. The oscillations
correlated with core inlet-to-outlet pressure drop fluctuations, which
proved impossible to eliminate through manual control of the backpressure
regulator. The o0il cut exhibited a rapid decline from 1.0 at start of
steam injection to a value averaging about 0.3, substantially less than a
numerical simulator prediction of about 0.75.16 It is noted, however,
that the test and numerical simulation differed in several respects, the
most notable being that preheating of the core was not included in the
model, and the system pressure history in the test and in the model did
not match. There is also some indication, as evidenced by the steady
decrease in conductance following the start of steam injection noted
above, that condensate was percolating downward through the sandpack.
This issue is important and requires further study to satisfactorily

resolve; such an effect was not predicted by the simulator.

At 23:00, again 10 hrs into the test, an electrical short internal to
the pressure vessel resulted in a complete bypass of the variable
transformer for bandheater no. 2. The instantaneous power increase from
25 to 1500 w resulted in a rapid overheating of the core to BOO°F., At

the time of the failure, the steam front had traversed 60% of the core.
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The effect of superheated (dry) vapor on conductance after the bandheater
failure is very pronounced, an additional 3-order of magnitude decrease

to near open-circuit calibration levels.

CONCLUSIONS

For both the brine and oil/brine displacement tests, the net change
in conductance is seen to be 2-2.5 orders of magnitude, 1-1.5 decades due
to the displacement of brine by condensate, and another order of
magnitude due to the displacement of condensate by steam wvapor. The
contribution due to brine displacement will vary with salt concentration;
the value of 15000 ppm (1.5%) 1is typieal, but may be lower or higher
depending on the particular reservoir. The effect of condensate
displacement by vapor should be much less dependent on the assumed
connate water characteristics. It thus seems very likely that
process-driven resistivity contrasts will exceed an order of magnitude in
actual steamflooded reservoirs. We therefore conclude that these results
support the viability of remote surface-based electromagnetic (or
electric potential) diagnostics for steam front mapping of reservoirs
undergoing steam flooding if other requirements are met. These include
the absence of highly conductive or very thick strata overlying the
target reservoir, and the availability of appropriate numerical models
for the inversion of field data. It is worthy of note, however, that as
stated by Bartel9 even the raw data can provide a meaningful indication

of resistivity contrast location.

These initial tests have demonstrated that we can successfully
measure core fluid electrical properties in the laboratory at conditions
representative of real reservoirs. Much valuable data was obtained
despite the fact that both tests were ultimately aborted. Because these
properties are intrinsic, data should be relevant to the field even

though the experiments are not physically scaled.

30-12



REFERENCES

. Leighton, A. J. and J. R. Wayland, "Techniques for Mapping and

Diagnosing EOR Processes,” J. Pet. Tech., February 1987, p. 129.

D'Hooge, J. A., C. Q. Sheely, and B. J. Williams, "Interwell
Tracers--An Effective Reservoir Evaluation Tool: West Sumatra Field

Results,”™ J. Pet. Tech., May, 1981.

Earlougher, R. €., Jr., Advances in Well Test Analysis, SPE

Monograph, Vol. 5, 1977.

. Benson, S. M., and G. Bodrarrson, A Pressure Transient Method for

Front Tracking," SPE 12130, Presented at 58th Annual SPE Meeting, San
Francisco, GA, October, 1983,

Nyland, E., and M. B. Dusseault, “Fireflood Microseismic Monitoring:
Results and Potential for Process Control,"” Pet. Soc. CIM, No.

82-33-39, 1982,

. Britton, M. W., W. L. Martin, R. J. Leibrecht, and R. A. Harmon,

"Street-Ranch Pilot Test of Fracture Assisted Steamflood Technology,"
J. Pet. Tech., March, 1983.

. Dines, K. A., and R. J. Lytle, "Computerized Geophysical Tomography,"

IEEE Proceedings, v. 67, July, 1979.

. Wayland, J. R., D. 0. Lee, and T. J. Cabe, "GSAMT Mapping of a Utah

Tar Sand Steamflood,” J. Pet. Tech., March 1987, p. 345.

. Bartel, L.C., "Modeling and Analysis for the CSAMT Geophysical

Technique Results to Map 0il Recovery Processes," SPE 11192, 57th
Annual Meeting, New Orleans, Sept., 1982.

30-13



10.

11.

12.

13.

14.

15.

16.

Lee, D.0., and J.R. Wayland, "Measurement of Formation Resistivity
Changes Induced by 1Tn Situ Combustion,” SPE 11051, 57th Annual
Meeting, New Orleans, Sept., 1982.

Progress Review No. 44, Contracts of Field Projects and Supporting
Research on Enhanced 0il Recovery, Bartlesville Project Office, U.S.

Department of Energy, Sept., 1986.

Leslie, I.H., "Flow Scaling Laws for PESL,"” Final Report, Sandia
Contract 1-4-23216, Dec., 1986.

Stegemeier, G.L., D.D. Laumbach, and C.W. Volek, "Representing Steam
Processes with Vacuum Models,” J. Soc. Pet. Eng., April, 1981,
249-258,

Hite, R.H., Shell California Production Co., Inc., Private

Communication, 1986.

Archie, G.E., "The Electrical Resistivity Log as an Aid in

Determining Some Reservoir Characteristics,” Trans. ATME, 1942, 54-62.

Meldau, R.F., Dolphin Petroleum Consultants, *Memorandum: Prediction

of PESL Steamflood," Private Communication, Dec., 1986.

30-14



Table I. Heavy 0il Displacement Test Parameters

Reservoir Matrix Qil
Lab Tulare D" Sand API gravity 13.9
Viscosity (95°F) 850 cp
Unconsol. Ottawa sand, Unconsol. sand Viscosity (150°F) 125 c¢p
80-100 mesh (.006-.007-in) (.002-.020 in.) Residual emulsion breakers present
d = .0065 in) d = .007 in.) (Ref. 15)
Porosity, ¢ .35-.37 .35
(¢ = .36) Steam
Permeability k 14-18 darcies 2-3 darcies Lab Tulare D" Sand

(k = 16 darcies)
Pressure 250 psia 250-400 psia

Initial 0il Saturation .83 .65 Quality = .70 .75-.80
Soi (generator)
.60-.65
Inital Water .17 .35 (bottomhole)
Saturation, Sg;
Flow Rate = 0.2 pv/hr -
Connate Water 15000 ppm ~15000 ppm pH = 7 11.5-12.0
Salinity
Connate water pH 7 7(?)

Wettability 100% water wet 100% water wet
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Figure 2. Schematic of PESL and flow systems.
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CORE: 80 MESH OTTAWA SAND,
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Figure 3. Time of observed grid-to-coreholder resistance decrease

as a function of grid position for stable injection of
brine into deionized water.
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Task 31 - INTEVEP will provide DOE with information from laboratory studies on
the injection of carbon dioxide as a potencial o1l viscosity

reduction agent.
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SUMMARY

This report summarizes the results of an experimental program to evaluate
heavy 0il recovery by CO, injection. A 10° APl oil from the Venezuelan
Boscan field was selected for the study. Thermodynamic and rheological
studies were performed for COp/heavy 0il systems. Displacement experiments
inside the porous medium, were also perfomed at reservoir conditions.

Results indicete that the flow behavior of the fluids is Newtonian and that
C0s solubility produces & high swelling of the crude and appreciably reduces
the viscosity and interfacial tension of the oil. Continous CO, displacement
in porous media showed rapid COp chanelling while COp water alternating
gas schemes gave higher displacement efficiencies.

31-3



W o
. .

w W W W
- . . L ]
BOW N

a

CONTENTS

SUMMARY

CONTENTS

LIST OF FIGURES

LIST OF TABLES
INTRODUCT ION

RHEOLOGICAL STUDIES
PROPERTIES OF COp/STOCK TANK CRUDE MIXTURES
AT RESERVOIR TEMPERATURE
CO2 Solubility
Density-swelling factor
Viscosity reduction
Interfacial tension

PROPERTIES OF CO»/RECOMBINED CRUDE MIXTURES
Phase behavior
Physical Properties

Discussion on the properties of COp/Boscan crude mixtures
DISPLACEMENT EXPERIMENTS

Experimental procedure

Results

CONCLUSIONS

FIGURES
TABLES

31-4

Page

31-3
31-4
31-5
31-6
31-7
31-8

31-9
31-9

31-10
31-10
31-10
31-11
31-12
31-12
31-12
31-13
31-13
31-14
31-14
31-14
31-15
31-16
31-17

31-18
31-24



Fig.

Fig.

Fig.

Fig.

Fig.

LIST OF FIGURES

Solubility of COp in Boscan Crude
Swelling Factor vs. COp Solubility in Boscan Crude

Viscosity of COp/Boscan Stock Tank Crude Mixture.
Reservoir Temperature: 177 °F.

Viscosity reduction vs. COp solubility in Boscan Crude

Interfacial tension vs. COp saturation pressure in
Boscan Crude.. Reservoir temperature: 177 °F.

31-5

Page

31-18

31-19

31-20

31-21

31-22



Table

Table

Table

Table

Table

Table

Table

Table

LIST OF TABLES

Reservoir and fluids properties. Boscan field
Boscan crude distillation Data

Properties of C0p/Boscan Stock Tank Crude Mixtures
Reservoir Temperature: 177 °F

Properties of CO2/Boscan recombined Crude Mixtures
at 177 °F

Properties of COs/Boscan Recobined Crude Mixtures
at 150°F and 2000 psi

Displacement Tests Conditions
Displ acement Tests Results

Displ acement Tests Results

31-6

Page

31-23

31-24

31-25

31-26

31-27

31-28

31-29

31-30



1. INTRODUCTION

This report presents the results obtained from an experimental research
program carried out to evaluate the effectiveness of CO2 injection
to recover heavy oil.

The research program was divided in two phases:

A - Rheological and Thermodynamic Studies for C0p/heavy crude systems out-
side the porous med ium.

B - Dynamic studies inside the porous medium to evaluate the efficiency of
heavy crude displacements by CO2 and to determine the more effective
injection strategy.

To perform these studies we selected e 10° API crude from the Venezuelan

Boscan field. The reservoir and fluids properties of this field are given in
Tables 1 and 2.
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2. RHEOLOGICAL STUDIES

The main objective of this activity was to examine the flow behavior of
CO»/BOSCAN crude mixtures. The following sistems were studied:

a) Stock tank crude saturated with COp at 177°F and pressures from 500

to 3000 psi.

b) Recombined crude with solution gas G.0.R. = 100 Scf/bbl saturated with
€05 at 177°F and 2000 psi.

c) Recombined crude with solution gas G.O.R. 80 Scf/bbl saturated with

€O, at 177 °F and 2000 psi.

il

d) Recombined crude with solution gas G.O.R. 80 Scf/bbl saturated with

C0» at 150°F and 2000 psi.

1t

e) Recombined crude with solution gas G.O.R. 60 Scf/bbl saturated with

CO, at 177 °F and 2000 psi.

These five mixtures were introduced in a cell and forced to flow in a ca
pillary tube at constant flow rate. The pressure drop between both ends of the
tubing was measured under steady state conditions. Flow rates were varied
from 15 to 750 cm3/hr, when the pressure drop reached the maximum value
allowed by the differential pressure gage. (73 psi).

The viscosity results for a1 of the sistems at different flow rates

remained constant indicating newtonian flow behavior. These results are given
in Tables 3, 4 and 5, and Figure 4.
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3 PROPERTIES OF CO»/STOCK TANK CRUDE MIXTURES AT RESERVOIR TEMPERATURE.
3.1. CO2 Solubility

The thermodynamic and PVT properties of CO,/ BOSCAN stock tank crude
mixtures were measured at pressures between 500 and 3000 psi at reservoir
temperature. This range was chosen because the reservoir pressure when put in
production was 3450 psi and it has so far declined to 2000 psi.

Before starting any quantitative determination, the two phase fluid was
observed in @ high pressure sapphire cell wich &llowed complete visibility of
the system under consideration. First, the oil was introduced in this cell,
and it was then saturated with COp 1in the a&ove pressure range. Only
"pormal" two-phase 1iquid-vapour equilibria took place while decompressing
the COp/crude mixture from 3000 to 500 psi.

Analysis of the gaseous phase in equilibrium with the liquid phase showed
that it was almost pure COp. This means that no noticeadle stripping of
hydroc arbons occured in this pressure range. Neither two 1iquid phases nor a
solid asphaltenic phase were observer in our experiments.

C0p solubility in stock tank crude were then measured and the results
expressed in terms of Gas-0il Ratio as defined by the relation:

G.0.R. (COp) =  COp Volume at 60°F, 760 mmig
stock tank crude volume at 60°F, P,

where P4 is the atmospheric pressure.

The date are given in Table 3 and shown in Fig. 1. The reproduc ib i1 ity of
these values is considered to be within + 3%.
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3.2. Dens iiy-swe] ling factor

The density of the crude oil and that of the CO» saturated oil were
measured as functions of pressure. The Swelling Factor was then computed
by the expression:

Volume of CO» saturated crude at T,P
Volume of crude at T,P

S.F. =

This relation gives directly the swelling of the o0il at reservoir
conditions due to COp dissolution. All the results are presented in Table 3
and shown in Fig. 2; the reproducibility of the density deta is within + 0,002

3
g/cm?,

3.3. Viscosity reduction
The viscosity of the crude oil as a function of pressure was first
determined and then the same data were obtained for C0p/0il mixtures. The

Viscosity Reduction effect was calculated by the following equation

V.R. = Viscosity of crude &t T,P.

Viscosity of COp saturated crude at T,P.

This parameter is also directly related to the effect of COp dissolution
on the oil viscosity at reservoir conditions. The experimental results are
also given in Table 3 and shown in Figures 3 and 4. The reproducibil ity of
viscosity data is considered to be within + 10%

3.4, Interfacial tension
Since decreasing interfacial tension may be an important mecanism to

improve displacement efficiency, in this work we mesaured interfacial tension
of Boscan crude oil saturated with CO, at reservoir temperature and
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pressures between 1500 and 3000 psi.
The experimental measurements were based on:

- either taking a photogreph of a hanging drop of the liquid phase in
equilibrium with the surrounding gas phase, ond then using
correl ations between the characteristic dimensions of this drop and
the interfacial tension value under the operating conditions.

- or counting the number of drops in a certain time interval. These
drops are displaced by means of a small pump having a very stable flow
rate. Which allows us to determine volume of cne drop. The interf ac ial
tension is then computed through appropriate correlations.

The first method can be used only if the hanging drops have a symetrical shape
around the vertical axis. Otherwise, the second procedure is to be used. For
the mixtures considered here, the hanging drop technique did rot give reliable
results while the drop counting method lead to consistent data. The
interfacial tension values thus obtained are given in Table 3 and shown in
Fig. 5, their reproducibility being within * 0.55 dyne/cm,
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4 PROPERTIES OF CO2/RECOMBINED CRUDE MIXTURES
4.1 Phase behavior

As in the previous case, before starting any quantitative determination,
we observed the phase behavior of the fluids under consideration in a high
pressure sapphire cell. Recombined o0jl was introduced in this cell at a
pressure aove its bubble point, and then it was further saturated with
COo.

In &1 ceses in the specified range (G.0.R.: 60 to 100 scf/bbl and T:
150°F and 177 °F), it was noticed that at pressures higher than 3000 psi we had
a C0p rich liquid phase in equilibrium with a hydrocerbon-rich liquid phase.
However, in the 500 to 3000 psi pressure range only "normal® two phase
Tiquid-vapour equilibria took place while depleting the C0p/recombined crude
mixture.

Anglysis of the gaseous phase in equilibrium with the liquid phase showed
that it contained light hydrocarbons, essentially methane. This indicates
that stripping of these components from the oil occured under the influence of
COs.

4.2 Physical Properties

PVT properties, viscosities and interfacial tensions of recombined crude
0ils and recombined crude/CO» mixtures were determined at the reservoir
temperature (177 °F) and at the well head temperature (150 F). At the 177 °F
temperature we carrijed out experiments with 100 GOR, 80 GOR and 60 GOR
recombined oils and at pressures from 1500 psi to 3000 psi. At the 150°F
temperature we only did experiments with the 80 GOR oil at a 2000 psi
pressure.
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In each case we first determined the bubble point pressure of the recom
bined oil to then measure its density and viscosity at the higher pressures.
Next, we saturated the oil with COp at each one of the pressures and then we
determined the properties of the resulting recombined 011/C0p mixtures.
C02 solubility was obtained by flashing the COp saturated oil to standard
conditions (15°C, 147 psi) and measuring and analysing the gas phase.

Resulting data are shown in Figures 1 to 5 and in Tables 4 and 5.
4.3. Discussion on the properties of C02/Boscan crude mixtures

Figure 1 shows that COp gas 0il ratio in the o0il increases with pressure
and decresses with temperature as expected. At constant temperature and
pressure, CO» solubility is enhanced by decreasing the solution gas G.O.R.
of the oil.

Figure 2 and 4 indicates the Swelling Factor and the viscosity reduction
correl ates very well with COp solubility independently of oil G.0.R. and
temperature within the 1imits given @ove . In these Figures we can motice
that swelling effects can be as high as 20% while the viscosity reduction can
reach a value of @out 30, both for the COp solubility associated with the
highest pressure studied in this work.

In Figure 5 we show the interfacial tension as a function of the COp

saturation pressure. We can see that COp dissolution decresses the interfa
cial tension up to three times at the highest pressure.
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5. DISPLACEMENT EXPERIMENTS

In this phase of the study we performed a series of five tests at reservoir
temperature (177°F), with the objective of evaluating the efficiency of
displacing Boscan Crude with CO» and with water alternating CO0» injection
schemes. These tests were carried out in two horizontal one dimensional tubes
packed with reservoir sand. The characteristics of the tests are presented in
Table 6.

5.1 Experimental procedure

In all of the tests we used a basic displacement system which consisted of
an injection pump, storage cells, sand pack holders, temperature and pressure
regulation systems and a system to control injection rate.

We simul ated the reservoir fluids and porous medijum in our experiments
by using a sample of 10° API Boscan Crude which was dehydrated and recomb ined
with the formation gas at 2000 psi and 178°F, to give a gas oil ratio of 80
scf/bbl. The formation and injection water were prepared to contain 7000 ppm
TDS ond a pH of 7.5. and reservoir sand, prepared acording to preliminary
granulometric analyses, was used as sand pack.
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In Test N° 1 we injected CO» continuosly at 3000 psi while in the other
tests we use water alternating CO» injection schemes at 2500 psi injection
pressure. The first WAG scheme studied 1in this work was with a 1.3
COp/water injection ratio since results obtained in another investigation
with & similar crude, showed it to be the optimum injection scheme (Reinose,
J. y Osorio, 0., "Recuperacién de crudo de la Faja Petrolifera del Orinoco por
inyeccidn de COp y agua", U.D.0., Noviembre 1979). The other tests were
carried out to confirm these results by varying COp/water ratios, COz slug
sizes and porous media characteristics.

The general procedure that we followed in our experiments consisted of the
following steps:

.Saturation of the sandpack with water and determination of pore volume
(PV), porosity and permeability.

.Displacement of water with o1l until we obtained irreducible water satura
tion and represurization of the core from 2000 psi up to the injection
pressure of the test.

.Injection of CO» (or COp/water) until the effluent had a gas/oil ratio
over 10 Mscf/bbl or a water/oil ratio over 0.85.

.Depressurization until the pressure reached a prev jously defined blowdown
pressure.

5.2 Results
The results obtained in Tests 1 and 2 (shorter sand pack) ére presented in
Table 7. We can observed that in the case of continuous injection, CO7

breakthrough is quite rapid indicating channelling of CO; due to the large
differences in the viscosities of the fluids. During the WAG injection test
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there was nmo indicetion of COp breskthrough as a free phase. This result
confirms laoratory and field experiences, which had shown the effectiveness
of this method to control C02 channelling. It is observed that after
injecting 2 PV the €0y requirements in the case of alternating injection are
Tower than those of continuous injection while the total oil recovery 1is inuch
larger in the alternating case.

The results obtained with the Tonger sand pack (Test 3,4 and 5) are given
in Table 8, results of Test 2 are also included for comparison. Test N° 4
could not be completed due to operational difficulties which developed after
injecting 0.67 PV of COp. However, results obtained up to this stage are
presented. Recoveries and COp requirements with the longer tube test are
better than those corresponding to the shorter one. This may be that the
Tenght/ diameter ratio of the longer tube is more favorable for displacements
at our  experimental conditions.

The results given in Table 8 show that the highest recovery, at 0.6 PV
injected, 1is obtained with the 1.1 ratio. CO02 requirements, however, are
twice in this case than in the 1.3 ratio experiment. Total recovery for the
three tests could mt be compared since the 1:3 WAG experiment was stopped
after we have injected 0.67 PV. Nevertheless, the results suggest that the
best WAG process, in terms of 01l recovery vs CO0p requirements, is the 1.3
injection scheme. This confirms the results of Reinoise and Osorio.

Taken into account the high gravity of the o0il studied, we conclude that
the oil recoveries obained 1in our laboratory experiments are high enough to
suggest the (0 water alternating gas injection process may be potentially
useful for displacing heavy oils.
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6. CONCLUSIONS

This report presents a substantial amount of experimental data which were
collected in order to help wiht the correlation, interpretation and prediction
of the thermodynamic and trensport properties of COp/ heavy crude mixtures,
both outside and inside porous media.

Rheological studies showed that for the mixtures compositions and pressure
conditions studied in this work the CO2/0il system behaves as a Newtonian
fluid. Qualitative phase behavior experiments of C0p/Boscan crude mixtures
at reservoir temperature showed that only normal two phase liguid vapour
equilibria existed in the pressure range studied.

The experimental data measured here show CO2 solubility in the oil
produces a high oil swelling and reduces appreciably the viscosity an
interfacial tension of the crude.

Displacement of Boscan crude oil with CO» is characterized by rapid
channelling of COp due to 7large differences in their viscosities. The
efficiency of the displacement process, however, can be improved notably by
using @ COo WAG scheme. The results obtained here seem to indicate that
injecting in & 1:3 CO02/H20 volumen ratio is the more efficient way to use
the COo.
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TABLE 1

Reservoir and Fluids Properties

Boscan field

Initial pressure {psia) 3,450
Temperature (°F) 177
Porosity (%) 24-26
Permea il ity (md) 500-7 00
Depth (ft) 8,000
APl Gravity 10.2
Initial solubility ratio (SCF/Bb1) 108

Stock tank crude
Mol ar mass ( g/mol) 656
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TABLE 2

Boscan Crude Distillation Data

Temperature Mol. Weight

Fraction Interval (°C) Volume % (g/mol)

1 44-200 6.36 128

2 200-310 10,57 223

3 310-400 11.03 290
Residue 400 72.04 801

4 400-575 21.60 410
Res idue 575 50,44 -

5 400-635 37.80 500
Residue 635 34.24 -
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TABLE 3

P.V.T Properties of COp/Boscan Stock Tank Crude Mixtures

Pressure

GOR (CO2)

Crude Density
Mixture Density
Swelling factor
Crude Viscosity
Mixture Viscosity
Viscosity reduction

Interfacial tension

Reservoir Temperature:

(psi)
(scf/bbl)
(g/cmd)

(g/cm3)

(cp)

(cp)

{dyne/cm)

500 1,000

101 213

0.972 0.974

0.970 0.970

1.035 1.075
635 703
260 113
2.4 6.2

31-27

177 °F

1,500

331

0.976

0,970

1.116

790

78

10

9.95

2,000

432

0.978

0.970

1.154

874

54

16

6.45

2,500

505

0.980

0.970

1.180

965

44

22

4,85

3,000

561

0.982

0.970

1.201

1,084

40

27

3.70



TABLE 4

Properties of C0p/Boscan recombined crude mixtures at 177 °F

I

| | |
| Solution Gas GOR = 100 | So1.Gas GOR = 80 | Sol.Gas GOR = 60 |
l (scf/bb1) | (scf/bbl) | (scf/bb1) l
| Bubble Pressure {psi) = 1,116 | Bubble Pressure = 895 Bubble Pressure =841|
; I(psi) }(psi) I
| | I | | ! I |

I Pressure | I I | I I I | I
I (psi) | | | | I I I I I
I { 1500 | 2000 ] 2500 | 3000 | 2000 | 1000 ] 200C| 3000]
| Property | I I | I I | I |
| | | | I | I | I
| [ [ [ | | | | [ |
| Crude I I I I l | I I |
| Dens it | 0.953| 0.956] 0,957] 0,958 0.963 | -~ 10.967 | -- |
| {(g) cm | I I I I I | I I
I I | I I | I | | I
| Crude I | I | I | | I I
| Viscosity | 290 300 330 360 430 | =~ | 452 ] -- |
| {cp) I | | | | I I I

| I I | | I | I I I
| COp GOR I I ] I [ I I I I
IISCf/beI } 9% 191 281 359 219 | 11 { 225 ; 404 }

| I [ I

| Mixture | I | I I | I I |
| Density | --10.959 -~--| --] 0,961 | -- 10,964 | -- |
| {g/cm) | | | I | | | I I
I [ | I | I | | I I
| Mixture I I I [ | | | I I
| Viscosity | - 758 -~ --] 86 [ -- ] 84| -- |
| (cp) I | | | | | I | I
| I | | I I I I | I
| Swelling I | | | | I I | |
| factor |~ 4 -] - 5 | - | 5.4 «- |
I I | I I | I I ! I
| Viscosity | | I I | I I I I
| Reduction | --1 6,70 --| -~ 6.85 | ==} 7.2} - |
[ I I I | I I I I I
| Interfac. I I I I I I | | I
| Tension | | | I | I I I |
| (dyne/cm) I I I I I I I I I
| | I | | | I | | I
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Properties of COp/Boscan Recombined Crude Mixtures
and 2000 psi

Solution gas
GOR (scf/bbl)

Bubble pressure
(ps1i)

GOR-CO5
(scf/bbl)

Density crude
(g/cm3)

Density mixture
(g/cm3)

Swelling factor
Viscosity crude (cp)
Viscosity mixture (cp)

Viscosity reduction

TABLE

100

1,001

247

31-29

5

80

812

270

0.967

0.965

1.091

1,315

139

9.5

at 150°F

60

711

303



Test number 1 2 3 4 5
Model Properties:

Length (ft) 3.08 3.08 6.92 6.92 6.92
Internal dianeter (in) 2 2 1.18 1.18 1.18 -
PV (cmd) 714,50 733.00  559.00  557.37  555.74
So (%) 73.8 70.0 82.0 93.3 91.9
P (%) 37.5 38.5 38.0 37.9 37.8
K (mD) 112 172 7,500 7,500 7,500
Injection pressure {psi) 3,000 2,500 2,500 2,500 2,500
Production pressure (psi) 2,600 2,200 2,300 2,300 2,300
Injection rate (cm3/h) NM NM 12,0 12.0 12.0
CO2:H20 injection ratio * 1:3 1:2 1:3 1:1
CO2 slug size** (% PV) - 1.05 1.84 1.38 2.76
Blowdown pressure (psi) 800 14.7 14,7 14.7 14.7
NM: Not measured

*%

PV:

Displ acement Tests Conditions

TABLE 6

: Continuous COp injection
: Average value

Porous volume
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Displ acement Tests Results

Test number

C0p injected at breakthrough
Recovery at breakthrough

€02 requirement at breakthrough
Recovery after 2 PV injected

COo requirement after 2 PV injected
Displ acement o1l recovery

Blowdown 0il recovery

Total oil recovery

Total COp + H20 injected

Total COp requirement

PV: porous volume

TABLE 7

(PV fraction)

(% 00IP)

(Mscf/bb1)

(% 00IP)

(Mscf/bbl)

(% O00IP)

(% 00IP)

(% 00IP)

(PY fraction)

(Mscf/bb1)

31-31

0,47

15.50

6,232

17.30

23,892

17.90

10. 00

27.90

2.63

30,198

not observed

23.8

3,836

38.30

6.00

44.30

4.4

5,257



TABLE 8

Displ acement Tests Results

Test number 2 3 4 5
CO2-H0 injection ratio 1:3 1: 2 1:3 1:1
COp + Hp0 injected at breakthrough n.o. 0.98 n.o. 0.84

(PV fraction)

Recovery at breakthrough - 42,24 - 43,59
(% 00IP)

C0p requirement at breakthrough - 1,201 - 1,296
(Mscf/bb1)

Recovery after 0.6 PV injected 6.50 33.19 34,58 37.49
(% 001P)

CO0» requirement after 0.6 PV injected 4,472 1,251 702 1,401
(Mscf/bb1)

Displacement 0il recovery 38.30 42.51 38.48 49,14
(% 00IP)

Blowdown 011 recovery 6.00 2.28 4.80 4,27
(% 001IP)

Total recovery 44,30 44,79 43,28 53.41
(% 001IP)

Total CO2 + Hp0 injected 4.40 1.06 0. 67 1.04

(PV fraction)

Total COp requirement 5,25 1,488 599 1,385
(Mscf/bb1)

PV: porous volume

n.o.: not observed
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