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EXECUTIVE SUMMARY

Poor reservoir volumetric sweep efficiency is the major problem associated with gas flooding and all miscible
displacements. This problem results from the channeling and viscous fingering that occur due to the large
differences between viscosity or density of the displacing and displaced fluids (i.e., carbon dioxide and oil,
respectively). Simple modeling and core flooding studies indicate that breakthrough can occur at just 30 per-
cent pore volume injection of gas, while field tests have shown breakthrough occurring much earlier. The
differences in fluid densities lead to gravity segregation. The lower density carbon dioxide tends to override
the residual fluids in the reservoir. The process would be considerably more efficient if a larger area of the
reservoir could be contacted by the gas. Current research has focused on the mobility control problems of
carbon dioxide in enhanced oil recovery (EOR) applications.

"Two mobility control methods have been investigated recently under United States Department of Energy
(DOE) contract. These are the use of polymers for direct thickening of high-density carbon dioxide and mo-
bile “foam-like dispersions” of carbon dioxide and aqueous surfactant.

Success in the search for carbon dioxide soluble polymers has been limited. Polymers that dissolve into high-
density carbon dioxide have been found, but the increase in viscosity has been far less than that required for
mobility control. Further work is needed to determine if adequate polymers can be synthesized for successful
direct thickening of carbon dioxide.

Mobile foam-like dispersions of carbon dioxide have been investigated. This concept involves altering the
flowing viscosity of the gas so that viscous fingers are suppressed, and displacement is sustained in a piston-
like manner. Previously unswept regions should be contacted as well as the watered-out regions of the
reservoir.

Both direct and indirect research concerning mobility control are discussed in Section 3.0 of this report.



1.0 INTRODUCTION
11 PROGRAM PERSPECTIVE

Liquid fuels provided 41.5 percentof the total en-
ergy consumed in the United States during the first
half of 1985. The United States will continue to
require vast amounts of liquid fuels throughout the
foreseeable future, even with intensive conservation
efforts and the conversion of some power plants to
alternate fuels.

The amount of liquid fuels (including both crude
oil and refined products) imported by the United
States averaged 4.72 million barrels per day, or
30.3 percent of the total United States’ demand for
the first half of 1985. It is predicted that, for the
entire year, imports will represent 32.5 percent of
the total demand. This figure reveals a slight de-
cline over 1984 imports, which provided 33 percent
of the total demand. In 1985, the price of imported
oil will be 45 to 50 billion dollars. A cost of this
magnitude is of serious concern to the United
States in a time of record balance-of-trade deficits.

Although new sources of liquid fuels from such
resources as oil shales, tar sands, coal, and biomass
are being studied and developed, economics and
time lag may prevent these activities from contrib-
uting significantly to domestic supplies for many
years.

More effective ways of recovering crude oil from
domestic sources must be developed in order to
limit imports and reduce the United States’ depen-
dence on foreign oil. Conventional primary recov-
ery and secondary (water-flooding) recovery
techniques produce only about one-third of the
original oil in place. Therefore, it is essential that
EOR techniques be made economical so that more
oil can be recovered. Oil recovered by EOR tech-
nology has been defined as the incremental ulti-
mate oil that can be economically recovered from a
petroleum reservoir in excess of the oil that can be
economically recovered by conventional primary
and secondary recovery methods.

Of the more than 300 billion barrels of crude oil
remaining in existing developed fields after conven-
tional production, it has been estimated that be-
tween 18 and 52 billion additional barrels can be
recovered by all EOR techniques. Present proven
conventional reserves amount to 28 billion barrels.
A recovery of any significant part of the EOR oil
target could greatly reduce the dependence of the
United States on imported oil.

One category of the three EOR processes (thermal,
chemical, and miscible) generally recognized as
most promising is miscible flooding. Miscible floods
using carbon dioxide (CQO,), nitrogen, or hydrocar-
bons as miscible solvents have their greatest poten-
tial in the enhanced recovery of low-viscosity light
crude oil (> 20° API). CO, miscible flooding on a
large scale is relatively new and is expected to be
the most important of the miscible methods in the
future. Many large-scale commercial GO, miscible
projects will be started in west Texas as CO, be-
comes available from large natural sources in
Colorado and New Mexico.

The reasons for the increasingly widespread use of
CO, miscible flooding are its moderate cost and its
favorable miscibility characteristics with crude oil.
Miscible displacement of oil by GO, can produce
virtually all of the oil from contacted parts of the
reservoir. For these reasons, miscible methods are
considered more promising than thermal and
chemical EOR methods. Still, CO, flooding has
three major problems: 1) availability and cost of
CO,, 2) poor mobility control of injected fluids, and
3) lack of reservoir knowledge and understanding.

In the 1984 National Petroleum Council study of
EOR potential in the United States, tertiary oil
recovery from gas miscible displacement was esti-
mated based on currently implemented technology
and future advanced technology. Mosbacher cited
that the implemented technology outcome from the
$30-per-barrel base case study shows total miscible
EOR resource potential from known United States
reservoirs to be 5.5 billion barrels of oil. During the
30-year period of their projection, 3.8 billion bar-
rels of the total miscible EOR resource will be pro-
duced. The peak rate of production is projected to
be about 500,000 barrels per day, which is expected
to be reached shortly after the year 2000. Produc-
tion is expected to decline to about 360,000 barrels
per day by 2013, the last year in the projection
period.

The advanced technology outcome from the $30-
per-barrel base case study shows total miscible
EOR resource potential from known United States
reservoirs to be 6.1 billion barrels of oil. During the
30-year projection period, 4.6 billion barrels of the
total miscible EOR resource will be produced. The
peak rate of production is projected to be about
625,000 barrels per day and is expected to be
reached shortly after the year 2006. Production is
expected to decline to about 540,000 barrels per
day by the year 2013 (Mosbacher 1984).



The advanced technology outcome from the $30-
per-barrel base case study indicates an increase of
about 10 percent over the implemented technology
outcome in total miscible EOR resource potential
from known United States reservoirs. In addition,
over 50 percent of the original oil in place is esti-
mated to remain in the reservoirs after completion
of the technologically advanced EOR activities.
These are strong indications that research and
development (R&D) is needed to further advance
gas miscible EOR.

1.2 PROGRAM OBJECTIVES

DOE'’s EOR program is divided into a light oil
(>20° API) enhanced recovery program and a
heavy oil (<20° API) enhanced recovery program.
The gas miscible EOR processes, including CO,
flooding, are best suited for light oil reservoirs and
are, therefore, a part of the light oil enhanced re-
covery program.

The EOR program, as it applies to light oil, has
four goals:

1 Irhprove the predictability of the gas miscible
EOR process.

2. Improve the level of performance of the gas mis-
cible EOR process.

3. Assess the feasibility of very long-range, highly
advanced emerging technologies for the gas
miscible EOR process.

4. Extend the range of application of the gas misci-
ble EOR process to reservoirs for which no EOR
technology currently exists.

Meeting these goals requires a strategy that com-
bines basic R&D efforts with field validation.

CO, flooding performance is sufficiently predicta-
ble. In some high oil saturation, west Texas carbon-
ate and sandstone reservoirs, CO, EOR recovery
efficiency is high enough to justify field-scale pro-
jects and very large investments in CO, supply.
However, problems have been encountered. Tests
reveal that basic CO,-oil displacement mechanisms
are not understood well enough to permit adequate
performance prediction. The interrelationships
between miscibility, stripping, oil swelling, and
viscosity effects are not clearly defined and proba-
bly reflect variations in reservoir rock and fluid
properties that are poorly characterized at present.

Fundamental phase behavior in the reservoir is not
clearly understood. Furthermore, volumetric sweep
efficiency in CQO, flooding is reduced by fingering
through the oil and by the tendency of the CO, to
override the oil. In addition, understanding of the
effects of macro- and microheterogeneities of the
reservoir on CO, flooding is required.

The research program in CO, EOR has been de-
signed and executed to improve the level of knowl-
edge in each of these areas.

1.3 STATE OF TECHNOLOGY

After the secondary recovery of oil by waterflood-
ing, a certain amount of residual oil remains in the
pore spaces of the reservoir rock for one or both of
two reasons: 1) the oil was bypassed and not con-
tacted by the injected water or 2) capillary forces
(caused by interfacial effects between two immisci-
ble fluids) retained the oil in the capillary-sized
pore spaces.

Carbon dioxide has the potential to overcome both
of these factors. Although injected CO, has a strong
tendency to flow through those pores that have been
contacted and largely saturated with the displacing
water, control of the injection and flow of injected
fluids may be able to direct the CO, into previously
unswept portions of the reservoir. In addition,
many crude oils are miscible with CO, under cer-
tain conditions of temperature and pressure. As
miscibility eliminates the interface between fluids,
capillary retaining forces are reduced to essentially
Zero.

There is a difference between CO, dissolving in
crude oil and CO, being miscible with crude oil. As
pressure is applied to a CO, crude o1l system, the
CO, will readily dissolve until the crude oil is satu-
rated with CQO, at the existing pressure and temper-
ature. At that time, both free CO, and CQO,
saturated crude oil will be present with an interface
between the two materials. Dissolving the CO, in
this manner will result in an expansion of the liquid
phase and a reduction of the liquid viscosity. Solu-
tion of the CO, in this manner will take place re-
gardless of the composition or API gravity of the
crude oil. It is obvious that the swelling of the oil
will increase the oil saturation and, therefore, en-
hance the relative permeability of the reservoir rock
to oil. In addition, the residual oil saturation that
remains after recovery operations are complete will
be swollen with a relatively large volume of CO,
(when compared to the small quantity of oil). Both



reduction of viscosity and the increase in relative
permeability to oil will facilitate flow of the swollen
oil to the production well. Thus, immiscible dis-
placement, a result of dissolving CO, in crude oil,
may frequently be an effective enhanced oil recov-
ery technique. -

The processes described above also take place in
CO, miscible displacement. Miscibility between
CO, and crude oil, however, requires more restric-
tive conditions of temperature and pressure than
simply the dissolving of CQO, in the oil. Miscibility
entails, by definition, the elimination of the inter-
face between the CO, and the oil. At any given
temperature there is a minimurmn miscibility pres-
sure (MPP), usually 1,000 psi or greater, below
which the interface will remain. In addition, CO,
and crude oil, because of differences in their prop-
erties and composition, will not become miscible on
first contact, regardless of pressure, in most cases.
These materials have what is called multiple contact
miscibility. In other words, the GO, must repeat-
edly contact the oil. Because of the concentration
gradient from the oil to the CO,, many hydrocar-
bon molecules, especially those of C; to Cy,, must
leave the oil and enter the CQO,. After a sufficient
number of contacts, enough of these hydrocarbons
will have joined the vapor (CO,) phase so that the
vapor phase becomes miscible with the crude oil.
At that time the interface between the phases will
disappear, capillary forces will become zero, and
essentially 100 percent of the oil can be displaced
from the CO, contacted part of the reservoir.

In order to determine the chances of conducting a
successful CO, miscible displacement, information
must be obtained from several sources. Slim tube
tests, in which =< 0.25 inch internal diameter tub-
ing, possibly 80 feet long, packed with glass beads
or unconsolidated sand, and saturated with reser-
voir oil is flooded with CQ, at reservoir tempera-
ture and various pressures, are used to determine
the MMP. In these tests multiple contact miscibility
can be attained at pressures equal to or greater than

MMP.

Core samples of reservoir rock saturated with reser-
voir oil and formation water are flooded with CO,
at reservoir temperature and pressure equal to or
greater than MMP to determine, in a more realistic
situation, the residual oil saturation and permeabil-
ity effects that may be expected in a field applica-
tion. Wettability of the core samples should be
preserved and determined as an aid in predicting
the amount of oil that may be trapped by water
blocking. Additional reservoir data, such as the

permeability profile, the vertical permeability to
horizontal permeability ratio, and transmissibility
between reservoir strata, are needed for reservoir
simulation studies.

A permeability profile having widely varying per-
meabilities in a reservoir formation with natural or
poorly oriented fracture systems would be a poor
candidate for CO, flooding or most other EOR
techniques. Because of the low density of CO, gas
compared to that of oil, the CO, tends to migrate
vertically to the top of the formation and form a
gravity tongue, (i.e., advance more rapidly at the
top of the reservoir than in lower portions of the
rock). The low viscosity of CO, gas permits the
formation of viscous fingers or small channels in
which the CO, rapidly moves from the injection
well to the production well, bypassing a large part
of the oil.

The low gas viscosity and the normally high relative
permeability to gases at low saturations result in a
very high mobility for the CO,. Because of the
channeling and fingering and the absence of oil
banking that a high mobility permits, a generally
low volumetric sweep efficiency and rapidly increas-
ing producing CO,-oil ratios result.

Mobility control is, therefore, an important prob-
lem in GO, miscible flooding. Several methods have
been used in attempts to alleviate the situation but
none of them have been successful to a satisfactory
degree. The point of entry of the CO, into the for-
mation can be controlled by seating one or more
packers at an appropriate position(s) or by perforat-
ing the casing selectively. However, once the CO,
leaves the immediate vicinity of the wellbore, this
method cannot control its movement. Production
wells can be shut in or flow can be restricted. With-
out the pressure sink that the wells normally pro-
vide, the GO, will be less likely to channel until the
wells are put into production once more. Foams or
emulsions formed with surfactants and water may
be successful in partially reducing flow rates in
swept channels. The method most widely used in
practice is the water-alternating-with-gas (WAG)
procedure where CO, gas and water are injected
alternately. Although this method may temporarily
reduce the channeling tendency of the CO,, relative
permeability to water and CO, remains high in the
already formed channels. Also, any increase in
conformance may be lost because of the lower dis-
placement efficiency that occurs as a result of water
preceding the CO, through the pore spaces. This
problem is worse in the case of previously watered-
out reservoirs.



At this point, the foam or emulsion injection tech-
nique appears to have the most promise. A great
deal of study remains to be done, however, in the
area of mobility control.

Several operational problems exist in CO, flooding
that can be solved or alleviated by relatively routine
techniques. CO,, when dissolved in water, forms
corrosive carbonic acid. Prior to transporting the
gas in pipelines and distribution systems and inject-
ing it down wellbores, the GO, should be dehy-
drated to prevent excessive corrosion. When the
WAG injection program is to be used, separate
water and gas lines should be used both on the
surface and downhole.

In using the WAG process, the saturation of water
and gas are constantly being changed around the
wellbore. As a result, the relative permeability to
the injected phase is reduced for a large part of the
injection cycle and, therefore, injectivity is re-
duced. Counteracting this effect, however, is the
decreasing oil saturation in the formation sur-
rounding the wellbore, which facilitates the flow of
both CO, and water. In carbonate or carbonate-
containing rocks, the carbonic acid formed by the
CO, and water tends to react with and dissolve part
of the rocks, thus enlarging the pores and increas-
ing the permeability to the injected fluids.

Field experience reveals that CO, breaks through
into the producing wells in a very short time period
(i.e., a few weeks to a few months). After break-
through, the combination of produced water and
CO, will corrode the downhole and surface equip-
ment unless corrosion inhibitors, pipe coatings,
special steels, or other materials are used.

Extraction of the C,-C;, components from crude oil
in the formation may result in the precipitation of
paraffin crystals or asphaltenes. These solid materi-
als may partially or totally plug the formation un-
less a solvent wash is used to redissolve them.

When CO, is produced, it is mixed with hydrocar-
bon gases. The CO, reduces the heating value of
the natural gas, and methane mixed with CO, in-
creases the MMP substantially. Therefore, the GO,
must be separated from the hydrocarbons so that
the hydrocarbons can go through normal sales
channels and the CO, can be reinjected into the
formation.

The large quantity of CO, needed for oil recovery is
available at several locations. The locations, how-
ever, are generally far from where the CO, is used
and it must be transported a great distance.

Several large reservoirs containing high concentra-
tions of natural CQ, are located in Colorado and
New Mexico. Pipelines are either in use or under
construction to transport this gas to basins where 1t
can be injected into reservoirs. Three major pipe-
line systems are now moving CO, to the west Texas
Permian Basin. These are the 30-inch Cortez line
operated by Shell Pipeline Corporation, the 24-inch
Sheep Mountain line operated by Arco, and the 20-
inch Bravo Dome line operated by Amoco Corpo-
ration. Additional CO, pipelines are in the
planning or construction stage throughout the
Rocky Mountain region.

Man-made sources (e.g., electrical generation
plants, synthetic fuel plants, and refineries) pro-
duce large quantities of CO,. However, it is nor-
mally diluted by other gaseous waste products,
exists at essentially atmospheric pressure, or both.
These sources also are usually located at a consider-
able distance from the point of application.

The total cost of CO, is comprised of the costs of
source development, compression, dehydration,
transportation, distribution, injection, production,
separation and recovery, and recompression. If the
cost of CO, can be held near $1.50 per thousand
cubic feet (Mcf) (1983 dollars) and CO, require-
ments can be kept below 8 to 10 Mcf per barrel of
oil recovered, economic success can frequently be
achieved.

Current reviews of gas miscible displacement EOR
techniques are generally encouraging. While both
miscible and immiscible CO, flooding can fre-
quently achieve economic as well as technical suc-
cess, some problems remain. Mobility control is
probably the most serious technical problem at the
present time. Lack of understanding of the interac-
tion between the gas miscible process and the reser-
voir is also a serious problem. Phase behavior and
miscibility are not completely understood, and field
data is insufficient to develop models that can ade-
quately predict project performance. Work in these
areas should provide at least partial solutions to
these problems.



2.0 CURRENT RESEARCH IN
CARBON DIOXIDE ENHANCED
OIL RECOVERY

The Department of Energy CO, EOR program at
the Morgantown Energy Technology Center
(METC) includes research and development pro-
jects with the petroleum industry and universities.
This comprehensive approach covers the broad

technology needs of the CO, EOR program.

Each fiscal year (FY) 85 project is summarized
below. Section 8.0 provides a list of FY 85
Government-published reports. Section 6.0 and 7.0
provide the reference materials for this report. A
list of acronyms and symbols appears in

Section 5.0.

2.1 MOBILITY CONTROL

2.1.1  Improvement of CO, Flood Perfor-
mance, New Mexico Institute of Min-
ing and Technology'

Principal Investigaiors: J.P. Heller and J.J. Taber
Objectives: This project has the following objectives:

1. Perform CO,-foam mobility measurements for
several surfactants and oil field rock types over
broad ranges of flow rates, surfactant concentra-
tions and flowing volume ratios. Related mea-
surements will include adsorption and thermal
stability tests to evaluate prospective surfactants
for such CO, foams.

2. Synthesize and test promising types of dense
CO,-soluble polymers in search of suitable direct
thickeners.

3. Perform a sequence of unprotected and mobility
controlled CO, floods to test by direct compari-
son the utility of available mobility control
methods.

4. Search for other credible but less time-
consuming methods to assess the usefulness of
particular mobility control methods.

5. Investigate reservoir engineering aspects of the
application of mobility control methods, includ-
ing studies of optimum level of thickening, slug
design criteria, and economic process con-
straints.

! Elements of this project fall into the Phase Behavior and Misci-

bility area and the Laboratory Displacement Tests area. Infor-
mation concerning this project can be found in those sections
of this report.

6. Assist in the definition and solution of various
operation engineering problems that will accom-
pany the field use of mobility control additives in
CO, floods.

Summary: The displacement behavior of CO, foams
(dispersions of dense CO, in water) and the synthe-
sis of polymeric materials soluble directly in CO,
are being explored as a means of thickening CO, to
improve reservoir sweep efficiency. Improved exper-
imental techniques for rapid evaluation of mobility
control additives are being developed. Mobility
data needed to design field applications are being
measured, and criteria for slug design and success-
ful field operation are being considered.

Conclusions: Direct Thickness for CO, — Polymers
(poly-a-olefins) were synthesized to study the effect
of catalyst combination, reaction temperature, and
time during polymerization. Based on these synthe-
sis reactions, further polymerization work was per-
formed at ambient temperature using the following
materials: (1) TiCl, and AlEt; (catalysts); (2) hep-
tane (solvent); and (3) 1-hexane, 1-pentane, 1-
decane, 1,4-hexadiene, and 5-ethylidene-
2-norbornene (monomers).

For 1-hexane, reduced viscosity (a measure of the
specific capacity of the polymers’ increase in relative
viscosity) generally remained in the range of 2.0 to
3.5 throughout the course of polymerization. The
polymer yield was shown to increase with time.

The molecular weight distributions of several syn-
thesized poly-1-hexenes were studied by gel perme-
ation chromatography. All poly-1-hexenes generally
showed broad molecular weight distributions. Poly-
mers synthesized with 4 to 5 percent catalyst
showed many high molecular weight fractions,
while polymers synthesized with 1 percent catalyst
showed many low molecular weight fractions.

The solubility of poly-1-hexenes in dense CO,
ranged between 0 and 10 grams per liter but was
shown to increase with decreasing intrinsic viscos-
ity. The intrinsic viscosity ranged between 0 and 4
deciliters per gram for the above-mentioned solubil-
ity range.

The effect of increasing alkyl chain length on the
solubility of trialkyltin fluorides in lower hydrocar-
bon solvents and in CO, is being studied. Accord-
ingly, triamyltin fluoride and diamylbutyltin
fluoride were tested. The enhancement in solubility
of these two tin compounds with increased alkyl



chain length was clearly proven. The solvents hex-
ane and pentane became significantly more viscous
after a critical concentration of a tin compound was

added.

At a concentration of approximately 0.25 percent in
n-butane, triamyltin fluoride increased the solvent
viscosity three-fold, while tributyltin fluoride re-
sulted in a five-fold increase. The former, however,
was much more soluble in n-butane than the latter
and consequently raised the viscosity of n-butane
nine-fold at a concentration of 0.43 percent.

Surfactants — Thermal degradation of surfactants
can be evidenced by changes in various surfactant
solution properties such as pH, foamability, con-
centration of surface actives, and solution clarity.

A 28-day 200°F aging test was conducted and
showed that pH levels changed for some surfac-
tants. Those surfactants that were affected most
severely include such molecular types as cocoamid
betaines, ethoxy diphenyl desulfonates, a cocosu-
peramide, alcohol ethoxy sulfates, alcohol ethoxy-
lates, cocobetaines, and cocosulfobetaines. Almost
all surfactants exhibited some thermal degradation
at 200°F. However, results indicate that most sur-
factants tested were not adversely affected at 150°F
with respect to pH.

Many surfactants that foamed prior to the 28-day
thermal exposure test suffered a reduction in
foamability after the test. Several surfactants were
able to withstand at least 24 hours of exposure, but
at further thermal aging, lost their ability to foam.

A reduction in solubility, or solution cloudiness,
occurred in several samples during the thermal
exposure.

2.1.2  Enhanced Oil Recovery by CO, Foam
Flooding, New Mexico State University

Principal Investigator: J. Patton
Objectives: This project has the following objectives:

1. Evaluate dynamic foam stability in CO, mobility
reduction tests during three-phase flow including
crude oil and brine.

2. Determine foam rheology as a function of foam
quality, temperature, and system composition.

3. Conduct CO, displacement tests using various
mobility control fluids at reservoir temperature
in cores taken from candidate reservoirs for CO,
flooding.

4. Conduct computer simulation of linear displace-
ment tests to assist in mathematical modeling of
mobility controlled CO, flooding.

Summary: Objectives 3 and 4 were the focus of FY
85 research. The final CO, displacement tests to
quantify the mobility control effect of various addi-
tives were conducted. A linear high-pressure, sand-
packed model containing both oil and water was
used for testing.

Mathematical techniques to interpret data were
only available for examining two-phase flow. Ac-
cordingly, the experiments were designed so that
the o1l phase would be immobile, and mobility
control would be measured under conditions ex-
pected behind the flood front in commercial carbon
dioxide flooding operations.

Numerous tests were conducted using straight
brine and brine containing two of the most potent
mobility control additives found by New Mexico
State University, Pluradyne SF-27 and Stepanflo
50. In other tests, these two additives produced
similar results in lowering the mobility of nitrogen-
water flow at pressures between 15 to 50 pounds
force per square inch absolute (psia) and also in
mobility controlled carbon dioxide displacement of
light and heavy crude oils under reservoir condi-
tions. The only significant difference observed
between the additives is that Pluradyne SF-27 ap-
parently mobilizes the residual oil (possibly by
solubilization) during the carbon dioxide flood.

Fluid samples obtained in the experiments using
Pluradyne SF-27 all had an opaque brownish color,
indicating dissolution of small quantities of crude
oil. In contrast, fluid samples taken with straight
brine or with Stepanflo 50 as the mobility control
additive were clear, oil-free samples.

In addition to these tests, the computer simulation
model was refined to describe the mobility lowering
of a gas by surfactants. Mobility lowering was mod-
eled as a pseudoincrease in viscosity rather than a
shift in the relative permeability curve for the flow
of a viscous foam phase.

Conclusions: Displacement tests in linear sand-
packed models using Pluradyne SF-27 and Ste-
panflo 50, the two best mobility control surfactants
found by New Mexico State University, produced
comparable results. Mobility lowering of a gas by
surfactants was simulated as an increase in viscosity
rather than a shift in the relative permeability
curve.



2.1.3 Mobility Control for CO, Injection, New
Mexico Institute of Mining and Technology

Principal Investigator: J.P. Heller

Objectives: The objective of this project was to pro-
vide support for design and evaluation of the Rock
Creek Field CO, mobility control experiment.

Summary: Major aspects of a mobility controlled
CO, injection program in the Rock Creek Qil Field
of Roane County, West Virginia, are reported. A
foam-like dispersion of CQ, in surfactant water is
being tested as a high viscosity form of CO, to min-
imize viscous fingering, increase volumetric sweep
efficiency, delay CO, breakthrough, and maximize
CO, utilization. Mobility control by this method
has the potential to significantly improve oil recov-
ery in both secondary and tertiary CO, floods com-
pared to that attained with pure CO, or the WAG
procedure. By maximizing CQ, utilization, the
economics of the recovery method should be im-
proved.

Although the area of the test and the anticipated oil
recovery are small, the implications are great. The
test may lead to widespread consideration of mobil-
ity control in CO, floods as a means of increasing
oil recovery and CO, EOR profitability.

Conclusions: The design of the field project has been
completed; the actual field project is still in pro-
gress. The design research has impacted the field
project with the following conclusions:

1. The surfactant Alipal CD-128 was found to re-
main active in laboratory-simulated reservoir
conditions over an extended period of time (30
days).

2. The design submitted for the Rock Creeck mobil-
ity control test included the continuous injection
of CO, foam followed by an ordinary waterflood.
The design called for the foam slug to be pre-
ceded by a pad of Alipal CD-128 surfactant solu-
tion to supply the surfactant required for
adsorption onto the rock.

The foam slug design consisted of simultaneous
injection of CO, and 0.05 percent aqueous sur-
factant solution, giving a foam of 80 percent
flowing quality.

2.1.4  New Concepts for Improved Oil Recovery in
CO, Flooding, University of Wyoming

Principal Investigators: D.L. Whitman, R.E. Terry,
and R.E. Ewing

Objectives: This project has the following objectives:

1. Provide new knowledge in methods of stabilizing
the advancing flood front of CO, during petro-
leum reservoir flooding with CQO,.

2. Develop new concepts for improving the recovery
efficiency of CO, so that previously unswept oil-
bearing regions of a reservoir can be swept.

3. Improve the current level of technology for re-
covery efficiency of CO, in enhanced oil recovery
so that better economics can be expected in fu-
ture commercial CO, floods.

Summary: This project is basically two-directional
with one area being the study of CO, injection into
the reservoir in a line drive configuration. The
second area is the study of CO, viscosity increase
through the polymerization of hydrocarbon mono-
mers after the monomers have been dissolved into
the dense CO, phase.

The first study effort includes the construction of a
two-dimensional physical model consisting of a
sand pack saturated with oil and capable of han-
dling CO, miscibility pressures. Line drive dis-
placement processes are being tested in this model.
Concurrent with the development and operation of
the experimental apparatus, a mathematical model
is being developed to represent line drive injection
of CQO, into a reservoir.

The second effort is an investigation of the possibil-
ity of generating soluble, viscosity-increasing
polymers in liquid CO, by first dissolving the cor-
responding monomer (olefin) or monomer system
and chemical initiator in liquid CO, and reacting
the monomers (in a controlled, repeatable manner)
into polymers. After a polymer/CO, solution has
been made, a high-pressure displacement pump
will be used to (1) measure the mobility alteration
of the CO, in a glass core flood by pumping the
solution through it and measuring the resultant
pressure drop, (2) displace some of the solution into
a high pressure sample bomb for analysis, and (3)
displace the solution into a high-pressure Ruska
rolling ball viscometer for viscosity measurement.

Several monomers as well as initiation and cross-
linking agents will be selected for use in the experi-
ments. After an optimum polymer/CQO, system has



been selected, the final part of the study will be
conducted as classical core floods on cores contain-
ing residual oil saturations. Some preliminary
economic questions such as cost per barrel, incre-
mental oil recovery due to increased sweep
efficiency, and cost per unit viscosity change will be
addressed.

Conclusions: Six experiments were conducted with
the two-dimensional physical model using a point
source injection well and a point sink production
well. Results show that at two pore volumes (pv) of
CO, injection, the recovery appears to level off at
about 37 percent of the original oil in place. This
indicates that the injected CQO, is bypassing some of
the oil. Other evidence of the bypassing phenome-
non is the fact that CO, is being produced almost
immediately after injection begins and that, at
about 0.5 percent pv CO, injection, CO, break-
through occurs.

2.1.5 Linear Core Experiments, Morgantown
Energy Technology Center

Principal Investigators: A.M. Zammerilli and K. Das

Obyectives: 'The objective of this research is to
increase the recovery efficiency of GO, miscible
flooding by the use of mobility control foams. Lab-
oratory flow test systems will be used to test the
injectivity and flow properties of CO, combined
with mobility control foams.

Summary: A large-scale linear core flow system (core
size of 5 feet length by 4 inches diameter) was in-
stalled and successfully pressure tested. This system
will be used to simulate the flow conditions that
exist further out in a reservoir flow pattern. Unpro-
tected (CO, alone) and protected (CO, + foam)
floods will be performed using a synthetic crude to
assure miscibility at test conditions of 1,200 pounds
force per square inch (psi) and 75°F and of 1,500
psi and 100°F. The test plan includes the use of a 70
percent quality foam. The foam will be obtained by
combining 0.05 percent concentration of surfactant
(foaming agent) with CO,. Foams will be generated
in situ and externally.

Measurements will be taken to acquire the follow-
ing data:

1. Pressure versus time (pressure will be electroni-
cally monitored).

2. Volume, rate, and quality of effluent versus
time.

The measured data will be used to calculate the
following variables:

1. Mobilities.

. Permeabilities.
. Saturations.

. Volumes.

. Rates.
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. Injected/produced fluid qualities (composi-
tional analysis).

7. Gas-oil ratios, water-oil ratios, and gas-water
ratios.

8. Recovery efficiencies.
9. Incremental recoveries.

10. Breakthrough times.

The data that is collected and the subsequent calcu-
lations that are made will be used for numerical
model input, verification, and modification.

The successful completion of this research will de-
termine the feasibility of using viscosity modifiers
(mobility control agents) to improve CO, flood
performance. The data collected can be used to
develop field tests for CO, EOR operations.

Conclusions: No conclusions have been reached
because work will begin in FY 86.

2.1.6  Radial Core Experiments, Morgantown
Energy Technology Center

Principal Investigators: A.M. Zammerilli and K. Das

Objectives: The objective of this research is to im-
prove the recovery efficiency of carbon dioxide
miscible flooding. A large-scale laboratory flow test
system will be used to test the injectivity and flow
properties of CO, combined with mobility control
foams.

Summary: A large-scale, radial core flow system
(maximum core size of 2 {eet diameter by 2 inches
height), was installed and successfully pressure
tested. This system will be used to simulate the flow
conditions that exist during the injection of CQ,
foam during actual field tests (i.e., conditions at the
wellbore). Foaming agents, concentrations of sur-
factant, amounts of CO,, temperatures, and injec-
tion rates will be varied and tested using this
system. Successful injection conditions will then be
determined and applied to actual field tests.



Conclusions: No conclusions have been reached
because work will begin in FY 86.

2.1.7 In Situ Deposition of Chemical Precipi-
tates, West Virginia University

Principal Investigators: S. Ameri and K. Aminian
Obyjectives: This project has the following objectives:

1. Determine conditions and materials for opti-
mum in situ chemical precipitation of a realistic
range of reservoir temperatures and pressures.

2. Conduct flow tests and in situ precipitation tests
in mounted cores.

3. Develop computer models to predict: the
amount of precipitate formed under any condi-
tion of temperature, pressure, and concentra-
tion; the degree of alteration of permeability and
permability profile in the reservoir; and the
improvement of volumetric sweep efficiency in
the reservoir and increase in oil recovery by
using in situ chemical precipitation.

4. Determine potential reservoirs that are applica-
ble to in situ chemical precipitation.

Summary: One way to overcome the high mobility of
CO, 1s to fully or partially close the large pores
within the reservoir rock by placing solid material
in them. Since solids suspended in an injected fluid
do not penetrate the rock more than a few feet from
the wellbore, it would be beneficial to form the solid
in the individual pore spaces throughout the forma-
tion by chemical precipitation.

Several relatively inexpensive chemicals that are
soluble in water will react with CO, to form a solid
carbonate. One example is CaO. When an aqueous
solution of CaO is contacted by CQO,, solid CaCO,
is formed. Other chemicals such as CaCl,, MgCl,,
or BaCl, will react with CQO, to form a solid.

One procedure used in CO, flooding, WAG, is
conducted by injecting a slug of water and following
it with a slug of CQO,. If the water phase is a solu-
tion of a chemical such as those suggested above,
chemical precipitation will take place in each pore
where the CO, slug contacts the chemical. The
largest pores will hold the largest volume of solution
and, therefore, the greatest amount of chemical.
The CO, gas will flow most readily into the largest
pores. As a result, most of the precipitate will form
in the largest, most permeable pores, thereby par-
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tially plugging those pores and reducing their per-
meability. Each WAG cycle will repeat the process
with additional precipitate forming and permeabil-
ity adjustment. If, at any time, it appears that addi-
tional precipitate formation would not be desirable,
the chemical additive in the injected water can be
discontinued. Continued injection of pure water or
oil field brine will terminate the precipitating reac-
tion.

Once the precipitate is formed in the larger pores
and the permeability has been reduced there, sub-
sequent fluid flow will be forced to take place
through alternate pore paths. Additional WAG
cycles will cause precipitation in-progressively
smaller pore spaces, diverting the injected fluids
into still smaller pores and increasing the volumet-
ric sweep efficiency of the displacement mechanism.

Conclusions: No conclusions have been reached be-
cause work will begin in FY 86.

2.1.8 Development of a Method for Evaluating
Carbon Dioxide Miscible Flooding Pros-
pects, University of Kansas

Principal Investigators: D.W. Green and G.W. Swift
Objectives: This project had the following objectives:

1. Conduct phase behavior studies of carbon diox-
ide using synthetic and actual reservoir oils.

2. Use the equation-of-state to predict phase behav-
1or of CQO,, crude oil, and water mixtures.

3. Conduct linear displacements/extractions of both
synthetic and actual reservoir oils.

4. Develop a linear compositional simulator.

5. Improve miscible pressure correlations and de-
velop a reservoir screening procedure for identi-
fying target reservoirs.

Conclusions: Work in FY 85 consisted of writing the
final report. In the final report, Green and Swift
cited the following conclusions:

Bubble-point phase behavior data were taken for
binary and ternary systems containing carbon diox-
ide. These data were judged to be reliable based on
agreement with similar data reported in the litera-
ture. The phase behavior was adequately simulated
with the Suave-Redlick-Kwong (SRK) equation-of-
state when suitable interaction coefficients were
used. Addition of water to the CO,-hydrocarbon



system reduced the bubble point due to absorption
of CO, into the water phase. However, when ab-
sorption of CO, was accounted for, phase behavior
on a water-free basis was essentially unchanged
from the case when no water was in the system.

Several displacements were conducted in a slim-
tube apparatus. For ternary systems (CO, plus two
hydrocarbon components), measured MMP values
were in good agreement with values predicted
based on known phase behavior. The presence of
immobile water in these displacements had negligi-
ble effect on MMP. Miscibility pressures were mea-
sured for a number of Kansas crude oils. MMP was
a function of API gravity, decreasing as API gravity
increased. MMP also increased with temperature
and decreased when lower molecular weight hydro-
carbons were added to the crude (C,-G;).

The SRK equation-of-state was used to generate
pseudoternary diagrams for two oils described in
the literature and three Kansas crudes. For the
literature oils, calculations were based on reported
compositions. The Kansas oil compositions were
estimated from ASTM D-86 and true boiling-point
distillation curves. Literature sources were used in
conjunction with the estimated compositions to
calculate required physical properties.

The pseduoternary diagrams were applied to esti-
mate MMP values obtained for slim-tube displace-
ments. [t was determined that the best results were
obtained when a linear range of interaction coeffi-
cients were used in the SRK equation-of-state. The
smallest coefficient in magnitude was assigned to G;
and the largest to Cy*. When a suitable set of inter-
action coefficients was used in the equation-of-state,
the MMP was correctly predicted for a given crude.
The dependence of MMP on temperature was also
described satisfactorily. It was not, however, possi-
ble to model adequately all of the oils studied with a
single set of interaction coefficients. The value of
the lowest coefficient (assigned to C;) had to be
adjusted to produce a satisfactory prediction of

MMP.

The method was relatively insensitive to the specifi-
cations of the pseudocomponents in the pseudo-
ternary representation. Also, the method was not
very sensitive to the interaction coefficient value
assigned to the heavy component (Cy*).

Finally, the slim-tube displacement results were
simulated mathematically using a modification of a
model reported in the literature. The model was
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based on the use of pseudoternary diagrams to
describe phase behavior. The model, in general,
did a good job of describing displacement perform-
ance in a slim-tube apparatus. However, history
matching was required. Use of the model allows
prediction of MMP and displacement performance
in an ideal porous media system (Green and Swift

1985, 121, 122).

2.2 COMPUTER SIMULATION

2.2.1 Compositional Model Study, EG&G Wash-
ington Analytical Services Center, Morgan-
town Operations

Principal Investigator: K.H. Kumar

Objectives: The overall objective of this work is to
develop expertise in compositional modeling and to
provide simulation support for experimental studies
in the laboratory at METG. These studies will aid
researchers in understanding the miscible displace-
ment mechanisms of enhanced oil recovery proc-
esses using carbon dioxide and mobility control
techniques. The objective for FY 85 was to develop
the basic computer code for a one-dimensional fully
compositional reservoir simulator.

Summary: The basic computer code for a general
purpose one-dimensional multipoint compositional
reservoir simulator was developed. An implicit
pressure, explicit saturation (IMPES) and composi-
tion solution method was used. The relative
amounts of each component in the oil and gas
phases were calculated by assuming phase equilib-
rium, and the computations are carried out using a
flash algorithim and an equation-of-state. Initial
testing of the computer code was carried out using
3- and 5-grid block reservoir problems. Later the
model was used to sumulate a one-dimensional
multipoint miscibility problem from the literature.

Conclusions: A basic one-dimensional computational
model using an equation of state was developed.
Although several additional features must be added
to the model before it is user-ready, the current
version successfully simulates a multipoint miscibil-
ity problem.

2.2.2 Development of a Modified Black Oil Res-
ervoir Simulator, Lewin and Associates,
Inc., and Mathematical and Computer
Services, Inc.



Principal Investigators: V.A. Kuuskraa and W.K.
Sawyer

Objectives: The objective of this work is to develop a
modified black oil simulator for application to mis-
cible flooding processes, with emphasis on the mis-
cible carbon dioxide flooding process. The modified
black oil simulator “MASTER” (Miscible Applied
Simulation Tool for Energy Recovery) is being
developed by modifying “BOAST” (Black Oil Ap-
plied Simulation Tool), an existing black oil model.
MASTER will be a three-dimensional, three-phase
“black oil” finite difference IMPES simulator that
incorporates both direct elimination and iterative
solution options. The model will permit simulation
of immiscible and miscible displacements.

Summary. Enhanced oil recovery by carbon dioxide
flooding operates by a variety of mechanisms. It is
desirable to computer simulate the most significant
of these recovery mechanisms that naturally dictate
the process behavior. This can be achieved through
modifications of conventional “black oil” recovery
models.

The basic modifications to BOAST included the
addition of these options:

1. An option to inject and track, by mass balance,
up to four different solvent slugs in any time
sequence desired.

2. An option to represent multiple contact miscibil-
ity features of the carbon dioxide flooding proc-
ess.

3. An option to represent precipitation of solids or
heavy components from the flowing phase.

4. An option to represent water blocking oil from
contact with carbon dioxide.

5. An option to represent mobility control of car-
bon dioxide via injection of a surfactant slug into
the aqueous phase of the carbon dioxide slug.

6. An option to permit reductions of computer
storage and computation time through use of
pseudorelative permeability and pseudocapillary
pressure functions.

The resulting modified black oil model, MAS-
TER, will serve METC as both a research tool
and a vehicle to evaluate Government-funded
carbon dioxide field projects.

Conclusions: The first five options were completed in
FY 85. The first option to the code allows four
solvents to be injected and tracked in the reservoir.
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Thus, there are seven conservation equations: oil,
water, hydrocarbon gas, and four solvents. Any
injection schedule of an infinite number of slugs
can be used as long as each slug is comprised of any
one of the four chosen solvents. The slugs can be
injected at varying rates or pressures.

In the second option, hydrocarbon gas and injected
solvents are assumed to be fully miscible at all res-
ervoir pressures. Accordingly, the hydrocarbon gas-
solvent phase capillary pressure is zero, and mixing
rules are used to obtain effective densities, viscosi-
ties, and relative permeabilities of the hydrocarbon
gas-solvent miscible phase.

Above a specified miscibility pressure (PMISC),
hydrocarbon gas, oil, and injected solvents are
assumed to be fully miscible. In this case, the hy-
drocarbon gas-oil-solvent phase capillary pressure is
zero and the mixing rules again are used to calcu-
late effective densities, viscosities, and relative per-
meabilities of the hydrocarbon gas-oil-solvent
miscible phase.

Multicontact miscibility pressure (PAfGM) is de-
fined to be a specified fraction (fpp1) of the misci-
bility pressure, i.e.,

Pymem = fem » Pmisc

The multicontact miscibility region is defined to be
the following pressure range:

Pyvem = P < Pmisc

In the multicontact miscibility pressure range,
immiscible and miscible properties are weighted by
the parameter «, defined by

«=_ P-PyioM  ,osa<|
Prvisc “PmeMm

to give effective capillary pressures, densities, vis-
cosities, and relative permeabilities.

The third option, which represents precipitation of
solids from the flowing oil phase, reduces the pore
volume by the volume of oil precipitated. All other
saturations (water, gas, and slug saturations) are
adjusted accordingly. Permeabilities are reduced
and new transmiscibilities are calculated.

If the grid block is at residual water saturation, the
water saturation is not altered. This results in small
water material balance errors that are acceptable in
order to prevent mobile water from being created.



In the fourth option, water blocked oil saturation
(S¢wh) is determined from the following equation:

S S

twb = orw

1+ BETA (krn/krw)

where krn and krw are the nonaqueous phase and
aqueous phase relative permeabilities, respectively.
If BETA equals zero, no oil is contacted by the
solvent slug. If BETA is very large, essentially all of
the oil is immediately contacted by the solvent slug.

In the fifth option, the mobility control agent is
assumed to be a percent concentration of surfactant
in injected water. The water that contains the sur-
factant is completely miscible with reservoir water.
Using the pore volume concentration of the water
that contains the surfactant, the fractional mobility
reduction is calculated.

The sixth option, as well as the final report, will be
completed in FY 86.

2.2.3 Pattern Alignment and Blocking Studies,
Morgantown Energy Technology Center

Principal Investigator: J.R. Ammer

Objectives: The objective of this study is to examine
sweep efficiencies for a variety of process condi-
tions. A numerical simulator will be used to study
how injection of blocking fluids might divert flow

into unswept zones for different pattern alignments.

Summary: MASTER, the numerical simulator dis-
cussed in Section 2.2.2, will be used in this study.

Many researchers have studied sweep efficiency for
a variety of reservoir settings. Few researchers,
however, have examined the sweep efficiency of
various reservoir patterns if blocking agents are
injected into the high permeability of previously
swept zones of the reservoir. Blocking agents in-
jected into these swept zones will serve to alter
streamlines and increase sweep efficiency.

Conclusions: No conclusions have been reached be-
cause work will begin in FY 86.

2.92.4 The Gulf Little Knife Field and the
Pennzoil Rock Creek Field Simulation
Studies, Morgantown Energy Technology
Center

Principal Investigator: J.R. Ammer
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Objectives: The main objective of these studies is to
match the production history of the Gulf Little
Knife Field in North Dakota and the Pennzoil Rock
Creek Field in West Virginia. MASTER, a black
oil model (discussed in Section 2.2.2), was chosen
to simulate the tertiary CO, injection phase of each
project.

Summary. The efforts to match histories of the pri-
mary production phase and the secondary water-
flood phase of the Gulf Little Knife Field and the
Pennzoil Rock Creek Field were conducted in pre-
vious fiscal years using BOAST. These cfforts
yielded a fair match between actual field data and
simulator output data. MASTER will now be used
to simulate work on the CO, miscible recovery
phase in both of these fields.

Conclusions: No conclusions have been reached be-
cause work will begin in FY 86.

2.3 RESERVOIR HETEROGENEITY

2.3.1 Reservoir Characterization for Numerical
Simulation of the CO, EOR Process, Stan-
ford University

Principal Investigator: F. M. Orr, Jr.

Objectives: The main objective of this research is to
develop new concepts for characterization and de-
scription of the interwell area of a petroleum
reservoir suitable to the CO, EOR process. To ac-
complish this objective, the research effort will be
organized into four tasks:

1. Construct descriptions of several model reser-
voirs that have reasonably typical types of heter-
ogeneities. The descriptions will be based on
knowledge of depositional environments and
diagenetic history.

2. Determine which scales of heterogeneity can be
detected by the following descriptive methods:
core analysis, log analysis, outcrop studies, pres-
sure transient testing, tracer tests, and seismic
tomography.

3. Assess the impact of representative scales of
heterogeneity on process performance.

4. Develop and test methods for representing heter-
ogeneities.



Summary: In the first task, reservoir models will be
constructed for use in the remaining tasks. The
models, based on behavior observed in actual reser-
voir systems, will contain a 160-acre pattern ele-
ment. Each model will have a unique scale and
distribution of heterogeneities. In combination,
these models will offer a sufficient range of behavior
for investigation. A reasonable sequence of models
would include pattern elements with uniform po-
rosity and permeability, layering but no areal varia-
tion, areal variation but no layering, and layering
and areal variation.

Within each of the heterogeneous cases, more than
one distribution of heterogeneity will be investi-
gated. The models will be developed based on rea-
sonable geological descriptions.

In the second task, each technique’s ability to detect
various scales of reservoir heterogeneities will be
assessed. The reservoir models developed in Task 1
will be used in these assessments. Guidelines shall
be established for the design of further experimen-
tal and numerical studies of CO, floods in reser-
voirs with large spacing to be undertaken in Tasks 3
and 4. The advantages and limitations of tech-
niques available for detecting heterogeneities in the
interwell region will be determined.

In the third task, two sets of experiments will be
designed to provide the information needed to as-
sess the impact of scale in CQO, floods. In the first
set of experiments, interactions of viscous instabil-
ity with heterogeneity will be examined in flow
visualization experiments conducted in pore net-
works etched in glass. The micromodels will be
constructed with known heterogeneities similar to
those of the reservoir descriptions of Task 1, al-
though the micromodel displacements will be lim-
ited to two-dimensional variations. The initial set of
experiments will be conducted with miscible hydro-
carbon liquids that have known or easily measured
variations in fluid properties with composition. The
composition of fluids as a function of position in the
model will be measured. The composition of fluids
leaving the model will also be measured.

The second set of experiments involves construction
of physical models of some of the heterogeneous
flow systems of Task 1. Glass beads of varying sizes,
with varying degrees of sintering to control local
permeability, will be used to construct scaled
models similar to those described in Task 1. As in
the first set of experiments, displacements with
miscible liquids of varying viscosities will be con-
ducted. A method for taking very small fluid sam-
ples from the interior of the packs so that local

composition variations can be examined will be
developed. Such measurements will be used to
assess the interchange of fluids from various parts
of the model. The measurements will be very useful
in estimating the effect of mixing on local displace-
ment efficiency in a CO, flood. The experimental
results will also be used for testing reservoir simula-
tions of the effects of heterogeneity with and with-
out viscous instability.

In the fourth task, preferential flow paths will be
modeled using the Coats-Smith model or a similar
model. Whether such an approach can be used if
heterogeneity is not randomly distributed or if
viscous instability is a factor are matters for investi-
gation. Finally, the use of the theory of fractals to
represent the spacing of viscous fingers will be in-
vestigated to obtain information about how greatly
finger spacing varies with the scale of the flow sys-
tem.

Conclusions: No conclusions have been reached since
work will begin in FY 86.

2.3.2 Nuclear Magnetic Resonance (NMR)
Imaging, Morgantown Energy Technology
Center

Principal Investigators: A.M. Zammerilli and K. Das

Objectives: The objective of this research is to de-
velop a nondestructive method of determining oil
and water saturations inside sandstone cores during
enhanced oil recovery flow tests.

Summary: NMR imaging is currently being exten-
sively used in the medical field. Hydrogen proton
resonance is being used because of its high NMR
sensitivity and the natural abundance of hydrogen
nuclei. In order to distinguish between oil and
water using only protons, relaxation time differ-
ences or chemical shift differences can be used.
This research is in its initial stages with some pre-
liminary results on oil-water saturated sandstone
cores. Magnetic materials in the cores (such as
iron) distort the NMR signal. Porous material such
as porous ceramic cores are being examined to
determine if oil-water saturations are distinguish-

able,

Conclusions: NMR imaging has promise as an im-
portant method for nondestructive determination of
oil and water saturations in sandstone cores. It may
be possible to map fluid saturations along the
length of a core while undergoing an EOR flow
test.



2.4 PHASE BEHAVIOR AND
' MISCIBILITY

2.4.1 Investigation of Enhanced Oil Recovery
Through Use of Carbon Dioxide, Louisiana
State University®

Principal Investigator: 'T. G. Monger
Objectives: This project had the following objectives:

1. Study the miscibility mechanisms associated
with CO, displacement of crude oil.

2. Study the effects of additives to CO,, such as
hydrocarbon and nitrogen.

3. Study the compositional changes of CO, crude
oil mixtures.

4. Conduct phase behavior studies.

Conclusions: Work in FY 85 consisted of writing the
final report. In the final report, Monger cited the
following conclusions:

1. Several features of the phase behavior exhibited
by mixtures of CO, with complex reservoir
fluids can be modeled using synthetic oils cre-
ated from a small number of hydrocarbon com-
ponents. This facilitates studies of oil
compositional effects in CO, flooding because
experimental data can be more easily verified
by material balance.

2. No solid phase was observed for CO, synthetic
oil mixtures, and the liquid-liquid phase re-
gions that were observed were notably smaller.
Both of these distinctions are likely due to the
absence of Cy, components.

3. The ability of supercritical CO, to extract hy-
drocarbons is influenced by the presence of
aromatic components. Phase equilibria results
suggest that both heavy paraffinic and heavy
aromatic hydrocarbons must be present to
demonstrate this compositional effect. This
improves our understanding of the CO,
multiple-contact miscible displacement process
because natural reservoir fluids contain heavy
hydrocarbons of both chemical types.

2 Elements of this project fall into the Laboratory Displacement
Tests area. Information concerning the project can be found in
that section of this report.
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4. Paraffins, especially heavy paraffins, are more
readily extracted into the CO,-rich liquid phase
in the presence of heavy aromatics. As a conse-
quence of the improved extraction, aromatics
impair the COy’s ability to selectively solubilize
lighter hydrocarbon components. Both effects
are beneficial in enhanced oil recovery opera-
tions using CO, because an efficient CO, flood
depends upon extensive hydrocarbon extraction
into a CO,-rich phase with no selectivity re-
quirements.

5. The phase behavior results provide an explana-
tion for laboratory displacement experiments
that showed that, when a highly paraffinic
crude oil was enriched with heavy aromatics,
the CO, miscibility pressure was lowered and
oil recovery was improved.

6. No liquid-liquid vapor three-phase region was
observed for CO,-BF (Brookhaven-flashed) oil
mixtures at temperatures greater than 111°F.
Carbon dioxide-BF oil mixtures in the high
CO, concentration range were capable of creat-
ing a liquid-liquid vapor three-phase region at
room temperature.

7. No liquid-fluid (liquid-liquid) critical points
were exhibited by CO,-BF oil mixtures at 111°F
or 141.4°F over the pressure range tested.

8. Carbon dioxide is multiple-contact miscible
with BF oil at approximately 1,809 psia and
111.9°F by the vaporizing gas drive mechanism.

9. Extensive precipitation of a tar-like solid phase
is associated with the development of CO,-BF
oil miscibility.

10. The BF ol precipitate appears to be highly
aromatic and constitutes approximately 20
weight percent of the stock tank oil hydrocar-
bon.

11. The phase equilibria results presented provide
multiple contact phase compositions which are
necessary to calibrate equations-of-state for
reservoir simulation.

12. The results presented provide multiple-contact
phase behavior data for a highly asphaltic (aro-
matic) crude, which is lacking in the literature.
The results thus provide a general model for
predicting the phase behavior of other highly
asphaltic crudes.

13. Very little oil recovery will be realized after the
first swept zone contact (second CO, contact) in
a hydrocarbon vaporization huff-n-puff process



on the BF oil. The cumulative liquid volume
recovered by two CO, contacts is approxi-
mately 35 percent of the original oil in place.

14. Aromatic hydrocarbons appear to concentrate
in the oil-rich phase of CO,-BF oil mixtures. In
the swept zone contacts, these components
constitute a large fraction of the unrecoverable
oil. In the forward contacts, these components
are precipitated out as a solid phase. In both
cases, potential problems associated with the
refining or disposal of these toxic compounds
are alleviated (Monger 1985, 1:22, 126, 128).

2.4.2 Improvement of CO, Flood Performance,
New Mexico Institute of Mining and Tech-
nology®

Principal Investigators: J.P. Heller and J.J. Taber
Objectives: This project has the following objectives:

1. Design a high-pressure viscometer based on an
oscillating quartz crystal and associated instru-
mentation.

2. Determine the viscosity, composition, and den-
sity of mixtures of CO, with well-characterized
hydrocarbon systems.

3. Determine the viscosity of mixtures of CO, with
crude oil.

4. Determine the most accurate correlations for
calculation of viscosity of CO,-crude oil mix-
tures.

9. Analyze composition paths in displacements of
CO,-C,-C,-C,; mixtures.

6. Determine a correlation for MMP, based on
measurement of component positioning in CO,-
crude oil systems, that accounts for the composi-
tion of the oil and the injected fluid.

Summary: An oscillating quartz crystal has been
installed in a continuous flow apparatus developed
previously to study composition and densities of
phases in equilibrium. Simultaneous measurements
of phase compositions, densities, and viscosities
have allowed testing of the accuracy of viscosity

* Elements of this project fall into the Laboratory Displacement
Tests area and the Mobility Control area. Information con-
cerning this project can be found in those sections of this
report.
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correlations for CO,-crude oil mixtures and quanti-
tative assessments of the driving force for viscous
instability. Additionally, component partitioning
data has been used to develop an improved correla-
tion for MMP that accounts for differences in oil
and injected fluid compositions.

Conelusions: Two oscillating quartz crystal viscome-
ters have been developed, one of which has been
added to the continuous multiple contact (GMC)
experiment equipment. The new viscometers have
been developed because conventional viscosity
measurement techniques, such as the rolling ball
viscometer, are overly time consuming, require
very large samples, and must be coupled with some
type of high-pressure sampling device if phase com-
positions are also measured. The high-pressure,
oscillating quartz crystal viscometer has been cou-
pled with the core equipment, leak tested, and
checked electrically. The time required to take a
viscosity measurement has been reduced from 2
minutes to 30 seconds. The accuracy is comparable
to the original measurements, while the reliability
has been increased.

A very simple correlation for MMP that accounts
for variations in oil composition has been com-
pleted. The correlation is based on a weighted com-
position parameter of the form
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F=Y kw

2
where w; is the weight fraction of molecules with i
carbon atoms in the C, + fraction, and k; is a modi-
fied partition coefficient. Estimates of k;’s were
obtained from a CMC experiment with CO, and
Maljamar crude oil at 90°F and 1,200 psia. Data
(Holm and Josendal 1982) for nine oils were used
to determine a relationship between the weighted
composition parameter and the CO, density in
grams per cubic centimeter at the MMP ().
The resulting correlation is

*MMP = 0.986F + 1.194F <0.785
*MMP =0.42 F>0.785.

Thus, given a carbon number distribution, the
weighted composition parameter is calculated and
then the CO, density at the MMP is obtained. Any
suitable CO, density data can then be used to esti-
mate the pressure required to produce that density
at a given temperature.

Measurements of CO, diffusion coefficients at high
pressure have been completed. The technique is
based on a measurement of the motion of an inter-
face between CO, and the fluid of interest. As CO,
dissolves and diffuses into the oil, it swells the oil



and causes the interface to move. The rate at which

the interface moves depends on the solubilities of
CQO, and the oil in each other, the densities of the
phases, and the diffusion coefficients in the two
phases. As long as the solubility of oil in the CO,-
rich phase is significantly less than that of CO, in
the oil-rich phase, the motion of the interface is

determined primarily by the diffusion coefficient of

CO, in the o1l phase.

2.5 LABORATORY DISPLACEMENT
TESTS

2.5.1 Investigation of Enhanced Oil Recovery

Through Use of Carbon Dioxide, Louisiana

State University*
Principal Investigator: 'T.G. Monger

Objectives: This project had the following objectives:

1. Study the miscibility mechanisms associated with

CQO, displacement of crude oil.

2. Study the effects of additives to CO,, such as
hydrocarbons and nitrogen.

3. Study the compositional changes of CO,-crude
oil mixtures.

4. Conduct phase behavior studies.

Conclusions: Work in FY 85 consisted of writing the
final report. Monger cited the following conclu-
sions:

1. The results of sand pack displacements of
Brookhaven reservoir oil support a general pic-
ture of the dominant factors which influence the
MMP in the CO, gas miscible displacement
process. Temperature usually has the primary
effect, with oil compositional effects of lesser
magnitude. The relative importance of the type
of oil compositional effect depends upon flood
conditions. Three types of oil compositional
effects were demonstrated by the displacement
experiments completed under this contract,
namely, hydrocarbon molecular weight distribu-
tion, oil aromaticity, and solution gas.

2. Increasing the temperature increases the re-
quired MMP. The MMP temperature depen-
dence was more pronounced in dead oil versus
live oil displacements. This MMP difference,
attributed to the effects of solution gas, dimin-
ished with increasing temperature.

* Elements of this project fall into the Phase Behavior and Misci-

bility area. Information concerning this project can be found
in that section of this report.
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3. The influence of hydrocarbon molecular weight

distribution is reflected by compositional analy-
ses of effluent samples from displacements per-
formed at a given temperature. At lower
pressures, the major components extracted into
the CO,-rich phase are in the C,-C,, range. As
the run pressure is increased to approach the
MMP, the ability of CO, to extract heavier hy-
drocarbons improves, thereby achieving greater
oil recoveries. An increase in the proportion of
intermediate molecular weight hydrocarbons
allows sufficient extraction to occur at a lower
pressure because CO, preferentially solubilizes
these hydrocarbons. This explains the well-
known observation that for a given temperature,
the MMP increases with increasing crude oil
molecular weight.

. As improved hydrocarbon extraction into a GO,-

rich phase proceeds, aromatics concentrate in
the stripped oil to promote deposition of a solid
phase.

. The effects of solution gas are mixed. The pres-

ence of methane has little effect on the MMP.
Sand pack displacements of live Brookhaven oil
show that methane is expelled from the crude by
CQO, and moves ahead of the flood front because
of its high mobility. Dissolved methane is thus
expected to have little impact on the CO, gas
miscible displacement process for frontal veloci-
ties that are not gravity stable. The presence of
other light hydrocarbons, however, tends to
lower the MMP.

. Tertiary CO, core floods using synthetic oils

exhibit improved oil recoveries with increasing
aromatic content. Compositional analyses of
effluent samples show that the improved oil re-
coveries correlate with enhanced recovery of the
heavier paraffinic components, C,, and C,,.
Visual observations of the phase behavior occur-
ring during these displacements also suggest that
the presence of aromatics enhances the CO,
extraction mechanism, thereby accelerating the
development of miscibility in the multiple-
contact process.

. The effect of oil aromaticity shown by the core

flood results typifies the well-known relationship
between phase behavior and MCM (multiple
contact miscibility) displacement efficiency, and
establishes that oil chemistry effects can compete
with the numerous other variables that control
CO, flood performance (Monger 1985, 2:33, 35,
76).



2.5.2 Enhanced Recovery of Oil from Subsurface
Reservoirs With Carbon Dioxide, Texas
A&M University

Principal Investigator: J.S. Osoba

Objectives: The principal objective of this project was
to determine oil recoveries for various degrees of
miscibility in consolidated and unconsolidated
laboratory models using the GO, displacement
process. Other objectives were to study the effects
of varying the length of the models, the oil gravity,
the angle of dip, and the reservoir heterogeneity on
oil recovery.

Conclusions: Work in FY 85 consisted of preparation
of the final report. In the final report, Osoba cited
the following conclusions:

1. The minimum pressure at which CO, appeared
to achieve miscibility with a crude oil was the
same in a 20-inch long sandpack as in 60- and
240-inch long sandpacks.

2. The fraction of oil displaced from a sandpack in
a vertical position increased as the rate of injec-
tion decreased.

3. The fraction of oil displaced from a sandpack in
a horizontal position increased as the rate of
injection increased.

4. Banks of CO, displaced a larger fraction of oil
from horizontal consolidated cores 15 foot long
and 2 x 2 inch cross section when pushed with
water than when pushed with nitrogen.

5. The efficiency of the nitrogen solvent slug pro-
pellant increased with the flooding pressure
while that of the brine propellant was almost
unaffected by flooding pressure.

6. A 0.3 HPV (hydrocarbon pore volume) CO,
bank was found to be the optimum size for
displacing crude oil from horizontal 15 foot
long consolidated cores with 2 x 2 inch cross
section.

7. The total oil recoveries from a core with varia-
ble horizontal permeability was only a little
lower than those from homogeneous cores at
similar flooding conditions.

8. The total oil recoveries showed a slight decrease
as the flooding temperature was increased for
all slug sizes.

9. Studies of CO,-dolomite rock interaction
showed that CO, dissolved part of the rock at
high pressures, thus increasing the permeabil-
ity. The enhancement of the permeability of the
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rock increased with the flooding pressure.

10. Pressure drawdown along the flow path caused
dissolved carbonates to be precipitated and
decreased the permeability of the rock. There
was a larger reduction in permeability when the
pressure reduction was larger (Osoba 1984, 78).

2.5.3 Improvement of CO, Flood Performance,
New Mexico Institute of Mining and Tech-
nology’

Principal Investigators: J.P. Heller and J.J. Taber
Objectives: This project has the following objectives:

1. Perform single-phase miscible displacements
with fluids having matched density and viscosity
at three flow rates in sandstone and carbonate
reservoir core samples, and obtain Coats-Smith
parameters for the rock by history matching
effluent composition data.

2. Predict performance of gravity-stable CO, floods
(no water present), based on single-phase Coats-
Smith parameters and independent measure-
ments of phase behavior and fluid properties,
using a one-dimensional process simulator.

3. Perform gravity-stable CO, floods and compare
performance with prediction.

4. Perform miscible displacements in both oil and
water phases after steady-state flow of oil and
water is established in the same cores as in Ob-
jective 1, and to obtain Coats-Smith parameters.

5. Predict performance of gravity-stable tertiary
CO, floods using a one-dimensional simulator.

6. Perform gravity-stable tertiary CO, floods and
compare performance with prediction.

7. Attempt to correlate Coats-Smith parameters
with direct observation of rock pore structures.

8. Perform flow visualization experiments to exam-
ine qualitative effects of microscopic heteroge-
neity and flow of foam on mixing of CO, and
crude oil.

Summary: Miscible displacement experiments with
fluids having matched densities and viscosities in
reservoir cores were used to measure effects of rock

5 Elements of this project fall into the Phase Behavior and Misci-
bility area and the Mobility Control area. Information con-
cerning this project can be found in those sections of this
report.



pore structure and the distribution of oil and water
within the pore space on mixing of oil and CO,. A
one-dimensional simulator was used to predict the
performance of gravity-stabilized secondary and
tertiary CO, floods. Predictions were based on the
results of the miscible core floods and independent
measurements of phase behavior and fluid proper-
ties. CO, floods may then be performed in the same
cores to test the accuracy of the prediction.

Conclusions: Bretz, Specter, and Orr cited that heter-
ogeneities observed in thin sections account for the
behavior of miscible displacements in laboratory
cores. A simple technique for detection of preferen-
tial flow paths was demonstrated. It is based on the
argument that such paths will exist if, on average,
large pores are surrounded by other large pores
while small ones are close to other small ones.
Examination of thin sections for carbonate and
sandstone core samples indicated that early break-
through and significant tailing were observed for
those samples with wide pore size distributions and
an indication of the existence of preferential flow

paths.

Calculations performed with the convection-
dispersion equation, the Coats-Smith model, and a
porous sphere model indicate that for displacements
at a fixed scale, a lumped parameter model, such as
the Coats-Smith model, fits displacement behavior
reasonably well. A more detailed model, such as the
porous sphere model, requires that fewer parame-
ters be determined by fitting experimental data to
the model if geometric parameters can be estimated
from observations of thin sections or by other
means. Parameters that describe the transfer of
material between the porous sphere and the matrix
still require such estimation. A difficulty with the
Coats-Smith model is that it is not clear how appro-
priate parameter values change with the scale of the
flow system. The porous sphere model does, how-
ever, allow estimation of the qualitative impact of
heterogeneities with large characteristic lengths on
displacements at field scale. Estimates of Coats-
Smith parameters made using the porous sphere
model for larger scale displacements suggest that
for some types of heterogeneities, Coats-Smith
parameters will have magnitudes similar to those
observed in laboratory core displacements. Thus,
interactions of phase behavior and heterogeneity,
demonstrated previously to have significant impact
on residual oil saturations to CQO, floods in labora-
tory cores, may also have significant effects at field
scale (Bretz, et al. 1985, 26, 27).
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2.5.4 Wettability Modification, Morgantown
Energy Technology Center

Principal Investigators: A.M. Zammerilli and K. Das
Objectives: This project has the following objectives:

1. Examine foaming agent (surfactant) loss by ad-
sorption to reservoir rock.

2. Determine applications of modifying wettability
to CO, foam flooding through the identification
of target research areas.

Summary: An extensive literature survey of surfac-
tant adsorption loss revealed that the use of sacrifi-
cial agents in the micellar flooding process to
minimize the adsorption loss may provide a similar
solution for surfactant adsorption in CQ, foam
flooding. Research indicates that wettability modifi-
cation (water-wet to oil-wet) could play an impor-
tant role in reducing surfactant loss. A complete
understanding of how surfactant loss occurs and
ways of preventing this loss is needed. To enhance
this understanding research is targeted to the fol-
lowing four areas:

1. Displacement Tests — Identified sacrificial
agents such as Na,CO,, Na,SO,, and lignosulfo-
nate will be used on normal and modified wetta-
bility sandstone cores saturated with oil and
waterflooded to residual oil saturation. The ef-
fectiveness of the sacrificial agents on the adsorp-
tion loss of a foaming agent can be measured by
the amount of foaming agent recovered at the
end of the displacement test.

2. Effects of Sacrificial Agents on the Interfacial
Tension Between Oil-Surfactant Water
System — Interfacial tension between oil and
brine with and without sacrificial agents will be
examined. The effect of the distribution of sur-
factant between oil and aqueous phases will be
investigated.

3. Effects of Sacrificial Agents on Contact Angle of
Rock-Water Oil System — Contact angle mea-
surements can be performed using single crystals
of quartz for sandstone and calcite for carbonate
rock. It is expected that contact angles will be
different for different sacrificial agents. The
contact angle can be taken as a measure of rock
wettability, and its effect on surfactant loss can
readily be related.



4. Heterogeneous Acid-Base Titration — The ef-
fect of the sacrificial agent on the adsorption of
foams (surfactants) on reservoir rock may also be
evaluated by a heterogeneous acid-base titration.
The surfactant may be titrated after it is con-
verted to the acid form with hydrochloric acid.
The heterogeneous system includes the use of
electrolyte, water, and crushed reservoir rock.
Major shifts are expected in the resulting titra-
tion curves compared to those obtained in the
absence of reservoir minerals. The pH shift will
be monitored to evaluate the interaction between
foaming agents, sacrificial agents, and reservoir
rock.

Conclusions: No conclusions have been reached be-
cause work will begin in FY 86.

2.6 FIELD TESTS

Since 1976, the Department of Energy and industry
have cost-shared CO, injection projects to examine
the technical feasibility of this process. Projects
have included highly instrumented field experi-
ments (pilot tests and minitest pattern floods and
injectivity research) related to improving methods
for increasing CO, recovery efficiency. A summary
of current and completed DOE cost-sharing CO,
injection tests is shown in Table 1. A discussion of
the current tests (those that were active in FY 85)
follows.

2.6.1 Oil Recovery by Carbon Dioxide Injection,
Rock Creek Field, Roane County, West
Virginia, Pennzoil Company

Principal Investigators: P. King and D.A. Boone

Objectives: This field test had the following objec-
tives:

1. Determine the efficiency of injecting CO, for oil
displacement in a tertiary mode following water-
flooding and low-pressure gas recycling in a
shallow, low-temperature reservoir.

2. Evaluate the displacement efficiency of the proc-
ess by obtaining a pressure core in a part of the
reservoir that has been contacted by CO,.

3. Investigate the feasibility of using mobility con-
trol techniques to improve the recovery efficiency
of the CO, process.

Summary: The pilot test consisted of two adjacent
10-acre, normal five-spot patterns surrounded by 13
back-up water injection wells that maintained the
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MMP of 1,000 psi and prevented much of the CO,
from escaping from the pilot area. The six pattern
injection wells were drilled, cored, and logged to
determine reservoir properties. Water injection was
initiated in April 1977 to raise the reservoir pres-
sure to the MMP.

In February 1979, CO, injection was initiated. By
June 1980, 23,842 tons of CO, had been injected.
Pennzoil then certified the Rock Creek project
under the DOE Tertiary Incentive Program, thus
allowing the injection of 12,000 additional tons of
CQO, into a 1.55-acre, four-spot minitest pattern,
developed within the pilot area. Injection resumed
in the fall of 1980 and pattern floodout was com-
pleted in January 1982.

Cumulative oil production from the field test was
28,259 barrels through December 1982. The ratio
of CO, injected per barrel of oil recovered was
13,000 standard cubic feet (scf) per stock tank bar-
rel (STB) in the two original 10-acre, five-spot pat-
terns. This test effort recovered 13,078 STB of oil
(3 percent of the original oil in place) but was ter-
minated before all oil capable of being mobilized
was recovered and was replaced with a second,
smaller test that would yield quicker results.

The second test was conducted in a 1.55-acre nor-
mal four-spot pattern that was contained within the
original test pattern. In this test, the ratio of CO,
injected per barrel of oil recovered was approxi-
mately 9,000 scf/STB. The oil recovery from this
test was 3,821 STB (11 percent of the original oil in
in place).

Pressure cores were taken from wells drilled after
the test to evaluate displacement and vertical sweep
efficiency. Results are currently being evaluated
and will be reported at a later date.

Mobility control is a problem in CO, enhanced oil
recovery. Due to the very low viscosity of the CO,,
it tends to finger through the lower viscosity fluid
(water) within the reservoir and bypass the higher
viscosity fluid (oil). This viscosity factor results in a
very high mobility of the CO,, which generally
leads to a low volumetric sweep efficiency of the
reservoir, and leaves much of the oil behind.

In an attempt to address this difficulty, a CO,-
surfactant mobility control test is being conducted.
This test is also being conducted within the pilot
test area. The test pattern consists of one injection
well, one observation well, and one production
well. The test area has been repressured by water
injection to reach the CO,/oil MMP. A chemical
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(thiocyanate) tracer test has been run to determine
fluid velocity through the reservoir for better esti-
mates of later results such as oil bank arrival time.
In 1984, following the tracer test, surfactant pad
injection was begun to condition the reservoir for
prevention of surfactant absorption on the rock
surfaces once the CO,/surfactant foam injection
begins. Neither the tracer, the surfactant, nor the
oil bank have been detected at the observation well.
Completion of this test should verify laboratory
experimental results for mobility control of CO,
flooding to increase oil recovery efficiency.

Conclusions: In the original five-spot patterns, CO,
displacement efficiency was extremely good (resid-
ual oil saturation < 5 percent) where CO, con-
tacted the oil. However, it was shown that
volumetric sweep efficiency was only about 25 per-
cent.

Concerning the mobility control test, Heller,
Boone, and Watts discussed that an unforeseen and
unexplained difficulty has been the reduced injec-
tivity due in large part to the surfactant itself.
While this has prevented the injection of enough
CO, foam to test the proposed method adequately,
efforts to continue the test until a more definite
result can be obtained are presently underway.

In the meantime, the following possibilities can be
listed as the causes for the absence of any sign of an
oil bank:

1. There may not have been enough CO, foam
injected to push the oil bank to the observation
well. This possibility is supported by the fact that
no thiocyanate tracer has yet been detected.

2. There may not be enough oil left in the forma-
tion being swept to form an oil bank. Although
this is probably true in the upper 10 feet of the
reservoir there appears to be a suitable amount
of oil in the lower part of the Big Injun in which
the permeability is adequate for flow.

3. The CO, foam may have broken down by the
following:

a. Adsorption of surfactant into the formation
rock. (This would contradict the adsorption
experiments done in the laboratory, which 1s
not impossible; only a small sample of reser-
voir rock was sampled.)

b. Thermal/chemical degradation of the surfac-
tant. (Again, various experiments have shown
that at the low temperature of 75°F [24°C],
Alipal can survive for years in water solution.
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There certainly may be some unexpected,
deleterious effects from the rock minerals and
CO, that become important at longer times.)

c. Inability to lower the mobility under reservoir
conditions. (It is conceivable that the flow of
CO, foam is so nonuniform in larger sections
of porous rock, that the mobility decrease
measured on a small scale is not applicable.
Scale effects in the displacement of the surfac-
tant solution lamellae might not be as well
understood as has been assumed.) (Heller et
al. 1985, 7, 8).

2.6.2 Weeks Island “S” Sand, Reservoir B,
Gravity-Stable CO, Displacement, Iberia
Parish, Louisiana, Shell Oil Company

Principal Investigator: G. Perry

Objectives: The principal objective of this field test
was to demonstrate that a gravity-stable, CO, mis-
cible displacement could be successfully achieved in
a deep, hot, dipping reservoir that was not suitable
for surfactant flooding.

Summary: Reservoirs similar to the Weeks Island “S”
Sand Reservoir B are typically produced by natural
water drive mechanisms that leave a significant
residual oil volume. The major watered-out reser-
voirs in the Weeks Island Field alone contain an
estimated recovery potential of 26 million barrels of
oil that could be recovered by a CO, displacement.

Reservoirs of this type are not suitable for surfac-
tant flooding since the temperatures and water
salinities are too high for the chemicals currently
available. The depth and high oil mobility preclude
any significant incremental recovery by thermal
processes. The major reservoirs in the Weeks Island
Field have such high permeabilities that any CO,
injected down-dip would tend to float to the top of
the watered-out reservoirs. The CO, would float
because viscous forces are very small compared to
gravity forces. Downward CO, displacement is
designed to use gravity forces to stabilize the dis-
placement and increase the sweep efficiency of the
injected CO,.

During Phase I of the test, the CO, injection facili-
ties were installed and a new well, the down-dip
producer, was drilled to evaluate the tertiary poten-
tial of the reservoir. Measurements in the new well
indicated that the sand had watered out until only a
23-foot gassy oil column remained. The watered-
out portion of the reservoir contained a 22 percent



residual oil saturation that provided a target of 288
barrels of oil per acre foot.

During Phase II, a 50,000-ton slug of CO, contain-
ing 5 mol percent natural gas was injected just
above the gas-oil contact. The slug was moved
down-dip by the production of the down-dip water
with a producible oil column moving ahead of the

CO,.

Analysis of the CO, displacement indicates that a
substantial oil column was developed and that the
process displaced in excess of 75 percent of the
water drive residual oil saturation.

Contract work with Shell Oil Company was com-
pleted in February 1984. The final report is being
prepared. Shell Oil Company will continue to oper-
ate the project until floodout. In July of 1985, two
production wells were producing 90 barrels of oil
per day. Oil production should reach the original
project production goal of 210,000 barrels of oil (of
which 145,000 barrels were due to CO, injection).

Conclusions: Displacement observations indicate that
a gravity-stable CO, displacement occurred in the
“S” sand, Reservoir B. Concurrent Shell research
findings indicate that a gravity stable immiscible
CO, displacement can recover substantial oil from
watered-out reservoirs.

Water-drive residual oil saturations obtained from
core analysis and the log-inject-log technique con-
firmed these findings. A reservoir evaluation well
drilled behind the CO, front showed a greatly re-
duced oil saturation (less than 2 percent), further
verifying the process capability.

3.0 RELATED INDUSTRIAL
ACTIVITIES

Cities Service Oil and Gas Corporation and Mobil
R&D Corporation recently conducted work con-
cerning CO, mobility control using surfactants.
Their findings agreed with the work being funded
by the United States Department of Energy’s
Morgantown Energy Technology Center. Casteel
and Djabbarah reached the following conclusions:

1. Foaming agents can improve the sweep efficiency
for the carbon dioxide flooding process.

2. The sequence of injection of a foaming agent
affects the sweep efficiency of the carbon dioxide
flooding process.

3. Foaming agents can improve oil recovery over
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that obtained from a WAG process or carbon
dioxide injected alone.

4. Foaming agents are reservoir-specific and must
be evaluated for a given set of reservoir condi-
tions (Casteel and Djabbarah 1985, 4).

Work conducted by Shell Development Company
also agrees well with work being funded by METC.,
Brochardt, Bright, and Wellington found that sur-
factant foaming properties are related to surfactant
chemical structure parameters such as hydrophobe
size, ethylene oxide chain length, and hydrophile
functional group (Borchardt et al. 1985, 5, 6).

Other work conducted by Wellington and Vinegar
of Shell Development Company using computer-
ized tomography on cores suggests that surfactant
can provide effective mobility control for tertiary
miscible CO,. The study revealed a combination of
mechanisms responsible for the surfactant induced
mobility control: large apparent CO, viscosity,
capillary pressure changes allowing CO, to reduce
brine saturation below connate water saturation,
and an in situ generated brine bank between oil
and CO,. Oil displacement efficiency is not reduced
by the surfactant or by the in situ generated brine
bank (Wellington and Vinegar 1985, 6).

4.0 RESEARCH ISSUES REMAINING

Research issues in need of further investigation
include: (1) mobility control, (2) computer simula-
tion, (3) reservoir heterogeneity, and (4) laboratory
displacement tests.

In the area of mobility control, surfactants have
proven to be most useful. Still, much information
about surfactants is needed. Polymers that are both
soluble in CO, and are able to increase the viscosity
of CO, enough to affect mobility are still being
sought. No polymers have been found to date that
do both. Mobility control research will be contin-
ued at the New Mexico Institute of Mining and
Technology, the University of Wyoming, West Vir-
ginia University, and METC.

In the area of computer simulation, gas flooding
simulation research will be continued to provide
acceptable process predictability for adequate eval-
uation of novel, technical concepts and completed
field projects. This work will be continued at the
EG&G Washington Analytical Services Center-
Morgantown Operations and METC.

In the area of reservoir heterogeneity, reservoir



evaluation techniques will be investigated to predict
any relationships that exist between CO, flood out-
comes and the heterogeneities that exist in the res-
ervoir. This work will begin at Stanford University

and METC.
Finally, in the area of laboratory displacement tests,
METC will investigate the role that rock wettability

plays in improving CO, flood efficiency. Methods to
alter rock wettability for an improved outcome will

5.0 LIST OF ACRONYMS AND SYMBOLS

API American Petroleum Institute
BF Brookhaven-Flashed

BOAST Black Oil Applied Simulation Tool

also be investigated.

Overall, the results of mobility control research
have shown great promise, but there are many
unanswered questions regarding the methods of
application and even the practicality of some con-
cepts. Effort is needed to determine if alternate
methods for improved gas miscible enhanced oil
recovery can be developed or if substantial improve-
ment of present technology is possible.

CMC Continuous Multiple Contact

CO, Carbon Dioxide

DOE U.S. Department of Energy

EOR Enhanced Oil Recovery

F Weighted Composition Parameter

pr Specified Fraction of the Miscibility Pressure

FY Fiscal Year (Federal, September 1 through October 31)

IMPES Implicit Pressure, Explicit Saturation

ki Modified Partition Coefficient

MASTER Miscible Applied Simulation Tool for Energy Recovery

Mcf Thousand Cubic Feet

METC Morgantown Energy Technology Center

MMP Minimum Miscibility Pressure
NMR Nuclear Magnetic Resonance
P MCM Multicontact Miscibility Pressure

P MISC Specified Miscibility Pressure

pH The Logarithm of the Reciprocal of Hydrogen Ion Concentration in Grams per Liter



psia Pounds per Square Inch Absolute

psi Pounds per Square Inch

pv Pore Volume

R&D Research and Development

scf Standard Cubic Feet

Sorw Residual Oil Saturation after Waterflooding

SRK Soave-Redich-Kwong Equation-of-State

STB Stock Tank Barrels

Sewb Water Blocked Oil Saturation

WAG Water-Alternating-with-Gas

Wi Weight Fraction of Molecules with i Carbon Atoms in the C, + Fraction
 MMP CO, Density of the MMP

a Weighted Parameter for Partially Miscible Conditions
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