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TARGET RESERVOIRS FOR CO MISCIBLE FLOODING

TASK ONE REPORT

REVIEW AND ANALYSIS OF PAST AND
ONGOING CARBON DIOXIDE INJECTION FIELD TESTS

I. INTRODUCTION

The technical potential for increasing recovery from underground accumula-
tions of crude o0il by injection of carbon dioxide has long been recog-
nized [1]. Early work using COy as a means of enhancing recovery con-
sidered two technically different processes:

(1) 1Injection of COp dissolved in water--so-called "carbonated water
flooding" [2].

(2) 1Injection of CO; as a solvent for the crude oil in place in the
pores--analogous to LPG injection--as a variation of "miscible"
displacement [3,4].

Carbonated waterflooding, a technique known as the "Orco Process" [5], was
introduced in 1951 [6]. Considerable laboratory research [3,7-10] and a
number of field trials [11-14] were reported in the literature of the time.
This process was shown to be capable of recovering oil unrecoverable by
conventional waterflooding. Carbonated waterflooding was generally con-
ducted at pressures below COp miscibility pressure and the benefits were
derived from:

(1) Swelling of the oil by solution of CO,, which reduces the stock
tank equivalent of the oil volume contained by the reservoir resi-
dual o0il saturation.

(2) Reduction of reservoir oil viscosity by solution of CO0,, which
improves the mobility ratio for viscous oils and thus enhances
waterflooding efficiency.

Residual oil saturation of swelled oil left in the reservoir rock was the
same as that for conventional waterflooding, about 20 to 40 percent of pore
space. Benefits [15] from the process were therefore inherently limited to
the relatively minor recovery improvements that result from the mechanisms
listed above.

The Orco process proved uneconomic and is not currently used as an enhanced
0il recovery technique. Hence, this report will not consider carbonated-
water flooding to be within the scope of CO, miscible flooding field
application.



General Background Of This Study

By contrast with carbonated-water flooding, displacement of oil by CO, at
pressures above "miscibility" pressure appears to be a very promising tech-
nique for substantially increasing oil recovery in both secondary and ter-
tiary recovery applications [16,17]. This is true because at pressures
greater than "miscibility" pressure, COp can extract a substantial por-
tion of the oil contacted, leaving a residual saturation of only 3-5 per-
cent of pore space. A study of field applications of this technique as
related to basic CO, displacement technology is the subject of this
report.

Technological development was sufficiently advanced and the economic bene-
fits of the CO, displacement process were sufficiently known by the late
1960's and early 1970's to provide industry with justification for install-
ing two pilot tertiary recovery projects [18,19] and two field-scale COg
injection secondary recovery projects [20,21]. These projects are discuss-
ed in detail later in this report. The Arab oil embargo of 1973 and the
consequent dramatic increase in world oil prices provided incentives both
to private industry and to government to accelerate application of enhanced
0il recovery techniques to increase production and recovery from domestic
oil reservoirs.

Private industry clearly recognized the potential. for CO, displacement
projects in the large carbonate reservoirs of the Permian Basin in West
Texas and eastern New Mexico [22]. This recognition resulted in increased
research in industrial laboratories, some of which (as discussed in a later
section) is now being published, and in a competitive search for sources of
Co, supply [23,24].

Covernment efforts to accelerate application of enhanced oil recovery tech-
niques began in 1974 when the U.S. Bureau of Mines entered into cost-
sharing contracts with industry to support field demonstrations of enhanced
0il recovery (EOR) techniques [25]. These efforts were subsequently ex-
panded (by ERDA and DOE as successors to the USBM in administering the
program) to include several studies of the enhanced oil recovery ‘''resource
base" [25-30]. These studies led to a comprehensive five-year enhanced oil
recovery management plan published in January 1977 [31]. The work pub-
lished in the present report is an outgrowth of this management plan as
specifically applied to plans for COj flooding programs.

Purpose and Scope Of This Report

This report is part of the work required to fulfill a contract [32,33]
awarded to Gruy Federal, Inc. by the Department of Energy (DOE) on February
12, 1979. The requirements of the contract are summarized in Enclosure I-l
(pages 4-6). The contract, originally awarded by DOE's Oak Ridge Opera-
tions Office [34], is now administered by the Morgantown Energy Technology
Center, Morgantown, W. Va. [35]

Specifically, this report is directed toward fulfilling the work require-
ment of Task One, which states:



"2.1 Summary of Available CO, Field Test Data

"Data will be collected, categorized, and interpreted from all
significant past and on-going CO, field operations in order to

evaluate the relative success of each test. This information
will include oil gravity, reservoir pressure, depth, tempera-
ture, porosity, permeability, and net/gross pay. Also, these

data must include pattern size, estimated incremental oil pro-
duction due to CO; injection, CO, concentration and slug
size, COp injection rates and sequencing, COy breakthrough
and production rates, and any indications of formation damage or
corrosion." [32]

To accomplish this, information from published geological and engineering
literature sources, raw data from public records (Texas Railroad Commis-
sion, Arkansas 0il and Gas Commission, etc.), and other available informa-
tion were used to compile comprehensive field reports following the format
given in Enclosure I-2 (page 8). These reports were prepared for each of
the projects listed in Enclosure I-3 and are included in the Appendix
(Volume 2) to this report.

Data for many of these projects have been published in summary form
[17,36]. However, no comprehensive treatment of both the geological and
engineering aspects of these projects is believed to be available in any
public literature. This report relates data from these field studies to
existing COo flooding theory and technology and correlates the various
projects. :
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ENCLOSURE I -1

"TARGET RESERVOIRS FOR
CARBON DIOXIDE MISCIBLE FLOODING"

Contract No. DE-AC21-79MC08341

APPENDIX A
STATEMENT OF WORK

OBJECTIVE

The objective is to build a solid engineering foundation upon which
field mini and pilot tests may be conducted in both high and low oil
saturation carbonate reservoirs for the purpose of extending the
technology base in carbon dioxide miscible flooding.

SCOPE OF WORK

Summary of Available CO, Field Test Data

Data will be collected categorized, and interpreted from all signifi-
cant past and on-going CO, field operations in order to evaluate the
relative success of each test. This information will include oil
gravity, reservoir pressure, depth, temperature, porosity, permeabil-
ity, and net/gross pay. Also, these data must include pattern size,
estimated incremental oil production due to CO, 1injection, CO,
concentration and slug size, CO, injection rates and sequencing,
C0, breakthrough and production rates, and any indications of forma-
tion damage or corrosion.

Summary of Existing Reservoir and Geological Data

The following reservoir geology will be determined on carbonate reser-
voirs located in west Texas, southeast New Mexico, and the Rocky

Mountain states: stratigraphy, structure, mineralogy, porosity,
permeability, gross and net thickness, and any other geological
properties deemed significant regarding CO, injection. Reservoir

data will be collected on hydrocarbon content, composition and
distribution; connate water content and composition; pressure and
production data from primary and/or secondary recovery operations; PVT
analysis; and well test data and analysis. Guidelines for selecting
reservoirs to be included are as follows:

average formation permeability - 5 md
average current oil saturation - 38%

oil gravity - - - - - - - - - - 36 deg API
oil viscosity - - - - - - - - - 10 cp

In addition, no extremely high-permeability, stratigraphic, thief
zones should exist. However, no consideration should be given to the
proximity of CO, sources at this point. The objective here 1is to



2.

2.4

2

2.

.5

"characterize the resource" for possible future €O, injection.

Selection of Target Reservoirs

By analyzing available reservoir and geological data, and comparing
the results of various C0p field tests, a priority list will be
developed based primarily on potential incremental oil recovery and
the projected C0, requirements and availability,. C0p require-
ments can be based on estimates from data collected in Task 1 and
CO, supply data can be obtained from existing public documents on
the subject (e.g. "The Supply of Carbon Dioxide for Enhanced 0il Re-
covery'" by Pullman Kellogg, September, 1977).

Selection of Specific Reservoirs for COy Injection Tests

A selection will be made from the priority list based on demonstrating
the technology in those reservoirs with the greatest potential influ-
ence toward stimulating new projects capable of meeting the 1985
incremental oil production of 124,000 barrels per day stated in the
Technical Implementation Plan for reservoirs in these target areas.
For the reservoirs selected, the owners and operators will be identi-
fied. Also company officials who have the authority or influence to
bring about commercialization of C0, recovery processes will be
contacted. This is absolutely necessary since it is these companies
which must eventually initiate and carry out commercial demonstrations
of COp injection if the full potential of the target reservoirs is
realized.

Selection of Specific Sites for Test Wells (carbonate reservoirs)

Using all useful available knowledge from previous C0, field tests,
reservoir and geological compilations, conventional production data,
PVT analysis, log analysis, core analysis, and well test analysis,
specific sites will be selected for drilling test wells for further
delineation and substantiation of the reservoir properties prior to
conducting CO, injection tests. These sites must be in the Rocky
Mountain and west Texas-southeast New Mexico areas. A minimum of
eight and a maximum of twelve sites are to be selected.

Drilling and Coring Activities

Depending on the availability of data at each site selected, test
wells will be drilled, cored, logged, tested and analyzed to confirm
initial oil saturation parameters and to design mini-test C0p injec-
tion programs. It is expected that one test well will be drilled at
each site selected. However, the exact number and location of wells
to be drilled will be negotiated to be consistent with the amount of
additional engineering and geological information required, drilling
costs in the area at the time of execution, and any other economic and
engineering factors that may arise.



ENCLOSURE I - 2

FORMAT FOR PREPARATION
AND PRESENTATION OF COo INJECTION
FIELD PROJECT REPORTS

Standard Outline

Location and General History
Geologic and Petrophysical Data
Reservoir Performance Data

CO, Project Data

Size and Type of Project

Operating Plan and COp Source
Injection and Production Performance
Interpretation of Project Data

Conclusions

References

Standard Enclosures

Data Form

Geographic Location Map

Geologic Structure Map

Type Log (Geologic Column and Pay Section)
Isopach Map

Project Area Map

Field Performance Graph

Project Performance Graph

Plus special enclosures as appropriate



ENCLOSURE I - 3

CO, FIELD INJECTION

FULL-SCALE (COMMERCIAL INTENT)

PROJECTS

Kelly-Snyder (SACROC)
Crossett (North Cross)
Lick Creek

Ritchie

Twofreds

South Gillock

Weeks Island

"FIELD SCALE"
PILOT PROJECTS

Wasson

Mead (Strawn)
Slaughter
Levelland
North Cowden
Little Creek
Granny's Creek
Griffithsville
Rock Creek

Operator(s)

Chevron

Shell

Phillips

U.S. 0il,Phillips
H.N.G.

Amoco

Shell

Operator(s)
Arco, Shell

Union of Calif.
Amoco

Amoco

Amoco

Shell

Columbia Gas
Guyan 0il Co.

Pennzoil

PROJECTS STUDIED IN THIS REPORT

Reservoir
Lithology
Carbonate
Carbonate
Sandstone
Sandstone
Sandstone
Sand

Sand

Reservoir
Lithology
Carbonate
Sandstone
Carbonate
Carbonate
Carbonate
Sandstone
Sandstone
Sandstone

Sandstone

Region or State

West Texas

West Texas
Arkansas
Arkansas

West Texas

Texas Gulf Coast
Louisiana Gulf

Coast

Region or State

West Texas
West Texas
West Texas
West Texas
West Texas
Mississippi
West Virginia
West Virginia

West Virginia



I1. REVIEW OF CARBON DIOXIDE DISPLACEMENT THEORY AND PROCESSES

A number of reviews describing the CO, miscible flooding process are
available in the literature [16,17,26,36-38]. This chapter draws freely on
this source material and on other published studies with the intent of pro-
viding a comprehensive reference to both theory and technology. This will
provide the framework needed to evaluate the field test results reported in
a later chapter. )

Carbon dioxide as an injection fluid has the following effects during
removal of oil from porous rock:

It promotes swelling.

It reduces oil viscosity.

It increases oil density.

It is highly soluble in water.

It exerts an acidic effect on the rock.

It can vaporize and extract portions of crude oil.

It is transported chromatographically through porous rock" [39].

NOoWUu S WN

These phenomenological observations are supported by experimental data that
will be discussed 1in this section. This discussion will synthesize
available reference material to provide an understanding of (1) the basic
physical behavior of carbon dioxide, (2) the behavior of mixtures of COy
and crude oils, and (3) present knowledge about the displacement/extraction
process that occurs when CO, contacts and moves oil in a porous medium.

Physical Properties And Behavior Of Carbon Dioxide

Carbon dioxide 1s a stable molecule containing one atom of carbon bonded to
two atoms of oxygen, as indicated by the chemical notation CO;. Over the
range of pressures and temperatures available to technology, it can exist
as a solid (Dry Ice), a liquid, or a vapor. Basic physical constants are:

Molecular weight: 44.010
Critical temperature: 87.8°F (547.8°R)
Critical pressure: 1069.4 psia

Carbon dioxide is a gas at ambient conditions and 1s relatively dense,
approximately 50 percent heavier than air at atmospheric conditions.

Phase Behavior. Phase behavior of pure carbon dioxide as a function of
pressure and temperature is shown in Fig. 1.* It is evident from this
figure that for the practical range of temperatures that may be encountered
in oil field practice--say, O°F or higher--only the liquid and vapor phases
and their behavior will be of consequence. Figure 2 shows in more detail

*Figures 1 through 10 appear on pages 12 through 22.



the vapor-liquid phase relationship for COp over the temperature range
from O°F to the critical temperature, 87.8°F. The physical significance of
this curve below critical temperature is that COp condenses to liquid
when compressed to pressures above the vapor pressure,

Above critical temperature, COp behaves as a vapor whose density in-
Creases as pressure increases. Data illustrating this are shown in Fig. 3
[40,41], which shows that fluid density is a continuous function of pres-
sure at temperatures above critical but that abrupt discontinuities appear
at the vapor pressure for the subcritical temperatures of 60°F and 80°F.

Volumetric Behavior. Volumetric behavior of liquid carbon dioxide can be
derived from density data of the type portrayed in Fig. 3. To illustrate
the volumetric changes that occur in the liquid phase as pressure is
increased isothermally, data taken from Fig. 3 are plotted on Fig. 4 in the
form of:

p_at vapor pressure
p at p > vapor pressure

Relative volume of liquid COy =

These data show that liquid CO, is compressible and hence shrinks in vol-
ume as pressure increases. Average compressibility, defined as

Ap

P

0
I
O |-

for the density and pressure ranges shown in Figs. 3 and 4, is calculated
to be:

Temperature Pressure Range Compressibility
60°F 7504 ,250 psi 5.9 x 107 yol/vol/psi.
80°F 1,000-5,750 psi 7 x 1072 vol/vol/psi.

These data indicate that liquid COp is some 20 times more compressible
than water at comparable temperatures and pressures and that liquid volume
shrinkage and compressibility increase as temperature increases.

The volumetric behavior of vapor phase CO, could similarly be derived
from the data given in Fig. 3. However, it is simpler to study vapor phase
volumetric behavior in terms of the gas laws:

P1V1 p2V2

21Ty 25Ty

= constant. (1

The deviation of CO, from ideal gas behavior is expressed by the gas



deviation factor (z) or "supercompressibility'". Published data showing the
variation of the CO, 8as deviation factor as a function of pressure and
temperature are shown in Fig. 5 [41,42].

The conventional reservoir engineering technique for representing volume
changes with pressure and temperature is based on the concept of formation
volume factor [8], defined as:

B = volume at reservoir pressure and temperature
volume at surface or standard pressure and temperature

For vapor-phase materials, the gas laws (Eq. 1) are used to develop the
needed mathematical expression: ‘

psczT
B_(p,T) = —/ :
g P pTSC (2)

where the gas deviation factor (z) is evaluated at reservoir pressure (p)
and temperature (T). Formation volume factors for CO, at various pres-—
sures and temperatures, calculated from Eq. 2 using data from Fig. 5, are
shown in Fig. 6.

The barrels of reservoir pore space that will be occupied by a given stand-
ard volume of COp 1s another concept useful in COp flooding technology.
For a volume of 1,000 standard cubic feet (1 Mscf) of COy, the necessary
equation is:

_ (1.0 Mscf) (B at p,T)

Res. bbl. at p,T 0005614 | 3)

Data from Fig. 6, converted to equivalent reservoir barrels per Mscf using
Eq. 3, are plotted in Fig. 7. o
Other numbers useful in COp flooding a}ise from the fact that COp 1is
often measured and reported by weight (pounds or 2,000-1b tons) rather than
volume. The conversion factors are:
1 ton CO, = 17.2 Mscf
1 1b COp 8.6 scf

at a pressure of 14.696 psia and a temperature of 60°F.
Viscosity Changes with Pressure and Temperature. The viscosity of carbon

dioxide vapor is strongly dependent on pressure and temperature, increasing
as the density of the vapor increases. Figure 8 shows CO, viscosity as a

10



function of pressure for several temperatures. These data were obtained
from a cross-plot [40] of published experimental data [43].

Solubility of Carbon Dioxide in Water. Carbon dioxide is soluble in water,
as any user of carbonated beverages knows. Its solubility is a function of
pressure, temperature, and water salinity. Reasonably typical data [36]
are plotted in Fig. 9. Additional data from published sources [44,45] are
shown in Figs. 10A and 10B. These graphs can be used to estimate the
solubility of CO; in a given oilfield water.

11
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Behavior of Mixtures of CO, and Crude 0il.

The quantitative behavior of any given mixture of CO0, with a specific
crude oil cannot be predicted theoretically but must be determined experi-

mentally. Sufficient experimental data have been published to permit a
general description of the processes and physical changes that take place
when COp is mixed with crude oil. This description is intended to pro-—

vide qualitative insights into the phenomena that can occur under various
reservoir conditions of oil composition, pressure, and temperature.

Liquid Phase Behavior of Hydrocarbon/COy Mixtures. Two aspects of liquid
phase behavior of hydrocarbon-CO, mixtures are important to an under-
standing of CO, flooding processes:

a. " COp solubility in crude oil and resultant swelling;
b. Viscosity reduction with addition of €Oy .

Data drawn from various sources will be presented in this section to illus-
trate and quantify (as much as possible) these phenomena.

COp Solubility and Swelling of Crude 0il. Published data illustrating
the solubility of CO, ln various hydrocarbons, including a "west Texas
crude oil" (otherwise unidentified), are given as a function of pressure in
Fig. 1l1A* [3,10]. These data were obtained by adding C0y to measured
amounts of oil at constant pressure and temperature (125°F) until equilib-
rium conditions were reached, at which point the volume of CO0o dissolved
in the oil was measured. The investigator noted that "with the crude . . .
used in this study, the CO, solubility showed a sharp increase with
pressure up to about 1600 psi and then a constant value as pressure was
increased. . . ." (see Fig. 11A). The related swelling of the crude oil as
CO, dissolves 1is shown in Fig. 11B. It can be noted that volumetric
expansion is a maximum (approximately 35 percent) at 1,600 psi. It was at
this pressure that the crude-oil-rich liquid phase "began to shrink due to
the extraction or retrograde vaporization of lighter hydrocarbons into the
COp-rich vapor phase" [3] present in the P-V cell.

Other investigators' data for Ada crude are shown in Fig. 12 [7]. These
data were obtained at two different temperatures, one below (70°F) and one
above (120°F) the 87.8°F critical temperature of CO, - Figure 2 shows

that the vapor pressure of CO, at 70°F is about 860 psi; hence most of
the data shown in Figs. 12A and 12B for the 70°F experiments were obtained
with CO, vapor at pressures below the vapor pressure. All of the 120°F
experimental data are for CO, vapor by definition. These data show the
same phenomena:

(1) Constant solubility of COo above a recognizable pressure value
--again, probably coincidentally, approximately 1,600 psi at
120°F;

*Figures 11 through 23 appear on pages 26 through 38.
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(2) Shrinkage of the liquid phase at pressures higher than the pres-
sure at which solubility becomes constant.

Ada crude is described as '"an aromatic base crude, . . . low in gasoline
content and high in asphaltenes” [7]. Viscosity of the crude was reported
as 400 cp at 70°F and 180 cp at 100°F.

Data for another crude oil, described as a "yiscous, low-gravity San
Joaquin Valley" crude (otherwise unidentified--no detailed data) [15], are
shown in Fig. 13. These data end at 2,000 psi and do not show the high-
pressure shrinkage effects observed in Figs. 11 and 12. Volumetric data
for Mead Strawn and Bandini stock tank crudes are shown 1in Fig. 1l4A.
Equivalent solubility data were unot reported [39].

Further data showing volumetric behavior of Mead-Strawn crude at three
different temperatures are illustrated in Fig. 14B. These experimental
data all show the characteristic shrinkage of crude volume above a maximum
solubility pressure. On the basis of these data, the maximum solubility
pressure at a given temperature (cf. Fig. 14A) seems to be function of

crude oil gravity, and for a given crude, the pressure and presumed upper
limit of solubility seem to be functions of temperature.

Behavior of Mixtures. Data more general than those shown by these specific
examples are provided by the results of experimental studies in which the
investigators made measurements for 40 different COp,~0il mixtures [a6].
Correlations of solubility and swelling data, obtained by combining known
amounts of pure CO,p and crude 0il in a windowed cell at a fixed tempera-
ture and measuring the bubble point and swelling of the mixture, are
presented in Figs. 15 and 16. These data were developed in terms of the
Universal 0il Products (UOP) characterization factor, an empirical para-
meter defined as the ratio of the cube root of the average boiling poilnt
in degrees Rankine (°F + 460) to the specific gravity at 60°F [47). The
UOP characterization factor for a given 0il can be determined from
correlation charts presented in reference 47 if the API gravity and
viscosity of the oil are known. A sample correlation chart for viscosity
data at 122°F versus API gravity, with the characterization factor plotted
as a parameter, is given in Fig. 17.

Other experimental data show the same phenomena [48]. Solubility of CO9p
and related swelling of Day crude oil (21.8°API) from the Moran field,
Allen County, Kansas, are shown in Fig. 18. These data indicate that €0,
solubility and related swelling for a given oil are reduced as temperature
increases. The data shown are for a maximum pressure of 800 psia; a more
general plot showing COj solubility at 80°F as a function of saturation
("carbonation") pressure and API gravity is given in Fig. 19. The investi-
gators who published these data indicate that the related swelling can be
calculated from a linear correlation of the data:

L 0.35(Rsc)

Swelling factor = 1.0 + _—
1000

where Rg. is dissolved COj expressed in cubic feet per barrel [48].
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Viscosity Reduction of Crude 0il Mixed with CO,. The viscosity of
solutions of CO, in crude oil is markedly lower than that of the crude.
Experimental data for the Ada [7] and San Joaquin Valley [15] crude oils
previously discussed are shown in Fig. 20. Data for Mead-Strawn crude oil
[39] are shown in Fig. 21, which also shows that the density of the mixture
increases as CO, 1s dissolved in the oil. Generalized correlations (Fig.
22) developed by Simon and Graue indicate that the viscosity of heavier,
more viscous crude is reduced to a much lower fraction of the original
viscosity than is the viscosity of lighter, less viscous crude oil [46].
These observations are supported by published data [48] obtained at 80°F
for several crude oils, as shown in Fig. 23.
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Vapor/Liquid and Liquid/Liquid Phase Behavior

Published studies of phase behavior of mixtures of carbon dioxide and crude
oil are generally based on 'single-contact" experiments using windowed
equilibrium cells that permit observations of phase distribution within the
cell as a function of pressure at constant temperature. The data from ex-
perimental work by different investigators on several oils show extremely
complex phase behavior, as discussed below.

In experiments conducted at higher temperatures, the mixture at high pres-
sure goes from a liquid phase to a vapor phase as CO0, concentration
increases. Behavior of this type is shown in Fig. 24%*, where data for the
Weeks Island (South Louisiana) "S" sand reservoir crude are shown for ex—
periments conducted at the reservoir temperature (225°F) [49]. Compo-~
sitions of the reservoir oil and the injected gas (95 percent CO,) are
shown in Table II-1. Experimental data for behavior of this type have been
reported in detail [50], as discussed below.

On the other hand, in experiments conducted at lower temperatures (90-
110°F), formation of multiple liquid phases or liquids plus a solid phase
is frequently observed at high pressure with high concentrations of Co, .
This behavior, in which the liquid phases have different colors and densi-
ties and segregate because of gravity, has been reported by a number of
investigators [17,51,52]. Similar phenomena have also been reported when
light hydrocarbons are mixed with reservoir oils at relatively low tempera-
tures [53,54]. An example of this type of phase behavior is shown in Fig.
25 for a low-temperature West Texas reservoir oil [17].

The following sections present detailed data drawn from laboratory studies
of phase behavior of both types.

Vapor/Liquid Phase Behavior. Data have been published for detailed studies
of two reservoir fluids in which a vapor phase is formed at high concentra-
tions of CO, in the mixture. Data from one set of experiments are shown
in Fig. 26. The experimental procedure was described by Simon, Rosman, and
Zana [50] as follows:

"Ten mixtures of C0o and Reservoir 0Oil A were prepared. These mix-
tures contained CO, concentrations of 0, 20, 40, 55, 60, 65, 70, 75,
80, and 90 mol percent. At 130°F, pressure traverses were made with
each mixture. These traverses started in the single-phase region at a
pressure above the bubble (or dew) points and lowered the pressure in
discrete steps, passing from the single-phase into the two-phase re-
gion.

"At each step, the vapor and liquid volumes were measured. . . . At
130°F, the critical point of the COp-Reservoir 0il A system (where
intensive properties of the gas and liquid phases were equal) is 2,570
psia and 60 mol percent CO,."

*Figure 24 through 37 appear on pages 52 through 65.
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TABLE II-l

COMPOSITION OF WEEKS ISLAND ''S'" SAND RESERVOIR

FLUID AND INJECTION GAS

Component

Total
Reservoir temperature 225°F

Bubble-point pressure 5,100 psia

Mol Fractions

Reservoir 0il

Injection Gas

. 3404

40

.0083

.5677

.0322

.0181

.0106

L0111

.0117

.0000

0.9505

0.0481

0.0014

1.0000



Composition of the unidentified reservoir oil A is given in Table II-2. A
similar suite of experimental data, obtained at a higher temperature
(255°F) using an oil of different composition (see Table II-2, reservoir
oil B), is shown in Fig. 27. It may be noted that each figure shows a
critical point at CO, concentrations and pressures as follows:

0il CO, Concentration Critical Pressure
Mol percent psia
A 60 2,570
B ' 74 4,890

At this critical point the intensive properties of the liquid and vapor
phases became identical. At CO, concentrations higher than critical, the
cell was predominantly occupied by a vapor phase.

Simon et al. also studied compositions of the coexisting phases in both of
these reservolir oil—COz systems and reported the data in detail. For
reservoir oil A, which 1is discussed below, 6 two-phase mixtures were
studied:

Mixture Mol Percent CO, Pressure @ 130°F

psia

1 0 1,660

2 55 2,000

3 55 2,420

4 80 2,020

5 80 2,410

6

80 2,920

The composition of Mixture 1, the bubble-point reservoir crude without

CO,, 1s given in Table II-2. The relationship of the other experimental
2 g . . . P

points to the two-phase reservoir 0il/CO, system is shown in Fig. 26.

The mixtures containing 55 mol percent CO, contained. less CO, than the
critical mixture and showed a bubble-point pressure of 2,420 psia. The
cell contained a single liquid phase above this pressure. The mixtures
containing 80 mol percent CO, were beyond the critical point and were
predominantly vapor-phase with some liquid condensate.

The distribution of components of the equilibrium vapors of the 55 mol per-

cent COp - 45 mol percent reservoir oil mixtures is plotted against cell
pressure in Fig. 28. The figure also shows the component distribution of
the bubble-point vapor from the reservoir oil alone. The COjp-mixture

vapor phase contained approximately 90 mol percent COy and was relatively
leaner in C;-Cy3 components and richer in C,-Cy4 components than
the original vapor from the reservoir oil at the bubble point. Component
data for the equilibrium liquids of the CO9-0il mixtures are shown in
Fig. 29 as a function of cell pressure. The liquid phases are seen to con-
tain 50 to 55 mol percent COp and are leanmer in C;-Cg components but
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TABLE II-2

COMPOSITION DATA FOR RESERVOIR OILS A AND B
STUDIED BY SIMON ET AL. [50]

0il A 01l B

Component Mol Fractions Mol Fractions

N, 0.0000 0.0027

€Oy 0.0001 0.0133

C 0.3100 0.3870

Cy 0.1041 0.0431

C3 0.1187 0.0315

Cy 0.0732 0.0295

Cs 0.0441 0.0269

Co 0.0255 0.0271

Cy* 0.3243 0.4389

Tot al 1.0000 1.0000
Reservoir temperature 130°F 255°F
Bubble-point pressure 1,660 psia 2,554 psia
Molecular weight 87.51 120.3
Density at bubble point 0.685 gm/cc 0.648 gm/cc
Viscosity at bubble point 0.345 cp Not reported
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richer in Cy; components than the original reservoir oil at the bubble
point. Thus, mass transfer takes place whereby the vapor phase of the
CO0p-0il mixture strips middle components from the oil and CO, condenses
into the liquid phase. '

Component distributions of the vapor phases. present in the 80 mol percent
COp - 20 mol percent reservoir oil mixtures. are plotted in Fig. 30 as a
function of pressure. These vapors contain approximately 90 mol percent
CO, and are relatively richer in Cg5-Cy, components than the bubble-
point vapor from the reservoir crude. Component distribution of the liquid
(condensate) phase shows relatively complex behavior as a function of pres-
sure, as shown in Fig. 31. At 2,920 psia, where some 15 percent of the
cell volume was occupied by liquid (Fig. 26), the mixture was relatively
lean (23 mol percent) in COy and rich (59 mol percent) in C7+ compo-
nents. At lower pressures, where liquid volume increased, more C0, con-
densed into the liquid phase.

Liquid/Liquid Phase Behavior. Published data from two studies of liquid/
liquid phase behavior by different investigators will be discussed in
detail below.

The first published study, by Huang and Tracht, used a reconstituted reser-
voir fluid, made by combining appropriate amounts of hydrocarbons (methane
through n-hexane) with a West Texas stock tank oil [55]. The composition
of the reconstituted reservoir fluid and related stock tank oil and separa-
tor gas are given in Table II-3. CO, solubility and oil swelling tests
were conducted in a high-pressure windowed cell at 90°F. Results of these
tests are shown as a function of CO, saturation pressure in Fig. 32.
These data are obviously qualitatively similar to those obtained by other
investigators whose data were presented and discussed earlier.

Huang and Tracht reported that a single liquid phase was present in the
cell at pressures greater than CO, saturation pressure, up to and includ-
ing the experimental point where the mixture contained 68.2 mole percent
COp at a saturation pressure of 1,185 psia. In the next step of the
experimental work, at a CO, content of 77.8 mole percent, two liquid
phases occupied the cell at pressures higher than 1,090 psia. These two
liquids were described as a hydrocarbon-rich liquid (termed Ly) and a
COp-rich 1liquid (termed Lz). At pressures below 1,090 psia, a vapor
phase began to evolve from the CO,-rich 1liquid phase. The hydrocarbon-
rich ‘liquid phase showed greatly reduced swelling at high COp concentra-
tions in the mixture, as shown in Fig. 33.

The complicated phase behavior observed at C0, content greater than 68.2
mol percent is further illustrated in Fig. 34. The investigators reported
that for the mixture labeled M (77.8 mole percent COZ) on the figure, the
volume ratio of the CO,-rich liquid to the hydrocarbon-rich 1liquid was
0.51 and that this ratio remained essentially constant as cell pressure was
increased to 1,800 psia. At pressures below 1,090 psia, the COp-rich
liquid began vaporizing and had vaporized completely at a pressure of 965
psia (point Q on Fig. 34). 1In the pressure region between 1,090 and 965
psia the two 1liquids L; and L, and a vapor (V) occupied the cell.
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TABLE II-3

FLUID ANALYSES AND PROPERTIES OF WEST TEXAS OIL
STUDIED BY HUANG AND TRACHT [55]

Composition, Mol percent

W. Texas Reconstituted
Separator S.T. 0il W. Texas 0il

Gas (sT0) (RRF)
Co, --- --- -
Cy 56.00 0.00 13.00
Cy 18.58 0.07 5.25
Cj 13.69 2.53 6.35
Ch* 7.52 5.15 5.26
Cg* 3.11 6.95 6.26
Cg* 0.88 7.54 5.96
Cy+ 0.22 77.76 57.92
Sp. gr. Cy4 0.865
Mol. wt. Cyy 232
Solution gas/oil ratio 180 scf/bbl
Formation volume factor 1.09
Bubble-point pressure (BPP) 475 psia
Viscosity at BPP & 90°F 2.17 cp
Reservoilr pressure 1265 psia
Reservoir temperature _ 90°F

*Normal and iso components are not segregated.
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Below 965 psia, only a single liquid (Ll) plus vapor occupied the cell.
Similar phenomena were observed for point N (83.5 mole percent COZ) com-
mencing below a pressure of 1,065 psia.

As part of this suite of experiments, a mixture of composition M was pre-
pared and a sample of the COp-rich liquid phase at a pressure of 1,265
psia was withdrawn from the cell and analyzed. The analytical data given
in Table II-4 show that 10.3 mol percent of the mixture comprised hydrocar-
bons "extracted" from the reconstituted reservoir fluid. The hydrocarbon
mixture 1is apparently richer in C;=Cs components and leaner in Cg and
Cy+ than was the reconstituted reservoir fluid (Table II-3). No data
were given for the composition of the coexisting hydrocarbon-rich ‘liquid
phase.

On the basis of the ternary phase diagram shown in Fig. 35, "true" misci-
bility between CO, and the reconstituted reservoir fluid cannot be at-
tained at the reservoir pressure of 1,265 psia and reservoir temperature of
90°F. However, as will be discussed in the next section, the hydrocarbon
extraction mechanism apparently resulted in high recovery of residual oil
in core displacement tests.

Phenomena similar to those described above were reported in a study by
Shelton and Yarborough [54]. This work was also performed in a windowed
cell held at reservoir temperature, using both rich gas and COp with res-
ervoir oils. However, the discussion that follows will deal only with the
experiments using CO,.

In the experiment the cell was filled with pure COy, which was then com-
bined with a known amount of recombined reservoir oil having the composi-
tion given in Table II-5. A phase-distribution test starting at high pres-
sure (4,000 to 8,000 psi) was performed on the mixture by a constant-compo-
sition expansion in which the volume of the cell and of the phases observed
in the cell were measured at a series of pressures. Additional oil was
then added to the cell and the phase-distribution test procedure was re-
peated. This sequence of procedures was repeated until sufficient oil had
been added to dissolve all of the COy in the cell. Eight 0il-CO, mix-
tures, covering the composition range from 59 to 95 mole percent COy,
were used in this phase of the work. All tests were run at reservoir tem-—
perature, 94°F.

The results of the phase distribution tests on the original eight mixtures
(plus a ninth, discussed further below) are shown in Fig. 36. The left
portion of the diagram shows that only a single liquid phase (L) existed in
the cell at pressures above the COp saturation pressure for CO0,p concen-—
trations less than 56 mol percent. At higher CO, concentrations and a
high pressure (greater than 1,200 to 1,400 psi) the upper right portion of
the diagram shows two liquid phases plus a solid phase (S), which was not
measurable volumetrically and was described as a tar-like resinous precipi-
tate that clouded the window of the cell. The two liquid phases were a
hydrocarbon-rich liquid (Lj) and a COp-rich liquid (L,). Finally,
the diagram indicates a four-phase region over a narrow range of pressures
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TABLE II-%

COMPOSITION OF COo—RICH PHASE
OF A MIXTURE OF CO, AND
RECONSTITUTED RESERVOIR FLUID [55]

COp-rich Liquid Phase

Withdrawn from a Mixture Hydrocarbon Fractions
at 90°F and 1,265 psia Normalized to
(77.8 C09=-22.2 Mol % RRF) 10.3 Mol %
CO9 89.7 -
Cy 2.4 23.2
Co 1.2 11.6
C3 1.5 14 .6
Cy* 1.1 10.7
Cg* 1.3 12.6
Ce* 0.3 2.9
Cy* 2.5 24 .4
100.0 100.0

*Normal and iso components not segregated.
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TABLE II-5

COMPOSITION OF RESERVOIR OIL USED IN CO, EXPERIMENTS

OF SHELTON AND YARBOROUGH [54]

Component

Nitrogen

Carbon Dioxide

Methane

Ethane

Propane

Butanes

Pentanes

Hexanes

Heptanes plus

Total

Heptanes plus:
Molecular weight
Specific gravity

API gravity

Temperature, °F

Bubble-point pressure, psia

47

Mol percent in
Recombined
Reservoir
0il B

0.48
0.11
16.30
4.03
2.97
3.65
3.73
3.32
65.41

100.00

227
0.8553
33.9
94

798



at COy concentrations greater than 56 mol percent. These phases were the
resinous precipitate (8), the hydrocarbon-rich liquid (L), the COy-
rich liquid (Lp), and a vapor ).

To investigate these multiple-phase phenomena further, the behavior of a
ninth o0il-C0, mixture containing 78.93 mol percent CO, Wwas examined in
detail. The results of a phase distribution test on this mixture are shown
in Fig. 37. 1In the narrow pressure region in which four phases existed in
the cell, the hydrocarbon-rich liquid and the CO,-rich liquid each occu-
pied about 50 percent of the cell volume. At higher pressures, the volume
of the COp-rich phase increased to approximately 60 percent while that of
the hydrocarbon-rich phase decreased to about 40 percent. This change is
attributable to increased extraction of hydrocarbons from the hydrocarbon-
rich liquid by the CO,-rich liquid at higher pressures.

The investigators described 1in detail the behavior of the mixture at pres—
sures traversing the four-—phase region. They noted that as cell pressure
was decreased, the volume of the CO,-rich liquid phase decreased abruptly
at a pressure slightly greater than 1,200 psi with a corresponding increase
in the volume of the hydrocarbon~rich liquid. At 1,200 psi a vapor phase
formed whose volume increased rapidly at the expense of the CO,p-rich
liquid as pressure was lowered. At 1,125 psi, the COp-rich liquid had
completely vaporized, leaving the cell occupied by oil, gas, and a small
amount of precipitate. Data on composition of the fluids (1iquid and
vapor) in the cell at pressures where four phases were present were ob-
tained by analyzing samples taken from the cell after equilibrating at
1,184 psi. These data are shown in Table II-6. It is notable that the
less volatile liquid phase termed "gil-rich" contains a relatively high
concentration (59.45 mol percent) of carbon dioxide.

Synthesis of Observed Phase Behaviors

From the published data discussed above, it appears possible to conmstruct a
qualitative synthesis of these seemingly dissimilar phase behavior observa-
tions. In each of the three studies, the mixtures of COp and reservoir
0il had two fluid phases present at high pressure and high CO, concentra=
tion. These fluid phases were shown to be a "more volatile" CO,-rich
phase and a 'less volatile" hydrocarbon-rich phase. In the study by Simon
et al., the more volatile phase (derived from 80 mol percent CO, mixed
with the reservoir oil) was a vapor at 130°F. In the studies by Huang and
Tracht and by Shelton and Yarborough, the more volatile phase, at (09
concentrations of 77.8 mol percent and 78.93 mol percent respectively, was
a COp-rich liquid at high pressures with temperatures of 90°F and 94°F
respectively.

Comparative composition data for the three more volatile fluids observed in
these studies are listed in Table 11-7 along with composition data for the
reservoir oils wused. These data indicate that the COp-rich volatile
phases present in all three studies were of similar composition. This
observation further suggests that the presence of a predominantly vapor
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TABLE II-6

EQUILIBRIUM PHASE COMPOSITIONS FOR A
MIXTURE OF CO, WITH A RECOMBINED RESERVOIR
AT 94°F AND 1,184 PSIA [54]

Mol Percent

49

0il- CO,-
Overall Rich Rich
Component Mixture Liquid Liquid -
Nitrogen 0.10 - 0.10
Carbon dioxide 78.95 59.45 87.97
Methane 3.44 3.01 3.82
Ethane 0.85 1.46 1.25
Propane 0.63 0.96 0.66
Butanes 0.77 1.18 0.70
Pentanes . 0.78 1.06 0.58
Hexanes 0.70 0.44 0.87
Heptanes plus 13.78 32.46 4.05
Tot al 100.00 100.00 100.00
Heptanes plus:
Molecular weight 227 240
Specific gravity 0.8553 0.8952
API gravity 33.9° 26.5°
Phase density at 94°F :
and 1,240 psia, gm/cc 0.8361 0.7091

Gas
Sample Sample
1 2

0.24 0.25

89.72 89.87
6.93 6.98
1.29 1.19
0.51 0.42
0.36 0.35
0.25 0.23
0.23 0.23
0.47 0.48

100.00 100.00
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phase at higher temperatures in contrast to two liquid phases at lower
temperatures may be related to the critical temperature of the COp-rich
phase. Huang and Tracht reported that the critical temperature of the
COp-rich phase of their study was measured experimentally to lie between
111°F and 121°F. At temperatures above critical, the COp-rich fluid is a
vapor regardless of pressure. Below critical temperature, the COy-rich
fluid may be either liquid or vapor, depending upon pressure.

As discussed in more detail in the section entitled '"Miscible Behavior"
(below), recently published research indicates that the mechanism by which
miscibility is attained can be expected to depend on the phase equilibria
behavior of the CO,/reservoir oil mixture, which varies depending upon
temperature [56]. Hence, while it is not a controllable variable in a
field project, reservoir temperature and related phase behavior are key
design and evaluation parameters when considering CO, flood behavior.
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Miscible Behavior

A miscible displacement of fluid from porous media occurs when no interface
exists between the driving  fluid and the driven fluid because of the misci-
bility, or mutual solubility, of the two fluids. Dry gas displacing "wet"
gas in a cycling project, or toluene flushing oil from a core, are obvious
examples. This is in contrast to immiscible displacements, such as water
or low-pressure gas driving 0il. In the miscible displacement of oil by
another fluid, interfacial and related capillary forces between the two
fluids are absent and the driving fluid will totally displace oil in place
in the rock entered by the driving fluid, leaving no residual oil. Because
of this, miscible displacement has obvious technical potential for enhanced
oil recovery.

As mentioned in the introduction to this report, C0, flooding began as a
variation of solvent-type miscible flooding [3,4]. Hence, while more re-
cent work summarized in the preceding sectioms has shown that "miscibility"
between CO5 and reservoir oils is an elusive and complex subject, the
literature to date reflects the conceptual heritage and hence is written
using the methodology and terminology of hydrocarbon-miscible flooding.
For completeness, this background is summarized in the next few paragraphs.
This is followed by a discussion of "miscible" behavior of Coz/reservoir
oil systems.

Hydrocarbon Miscible Flooding Concepts. For practical oilfield applica-
tions, three technically different miscible displacement processes using
hydrocarbon driving fluids have been conceived and applied:

(1) LPG or LPG-slug process (57,581
(2) High-pressure dry gas process [59]
(3) Enriched-gas process [60].

The first of these processes, in which propane was generally used as the
solvent or miscible agent, is a "first contact" miscible process. ''First
contact" miscibility means that the fluids are mutually soluble without any
compositional alterations. The other two, in general, require multiple
contacts between the driving fluid and the reservoir oil before miscibility
is achieved. Because of the conceptual applicability to COj flooding,
the concept of "multiple-contact' miscibility requires more discussion.
This is presented in the following paragraphs.

The process by which a lean or dry gas (generally methane but sometimes
flue gas or nitrogen) can develop miscibility by multiple contacts with a
rich oil was studied by Hutchinson and Braun [61]. Miscibility is achieved
in this process because intermediate hydrocarbon components (CZ—CG) are
vaporized into the gas phase from the liquid oil until the gas composition
is sufficiently enriched to be miscible with the oil. The mechanism of the
process can be qualitatively illustrated by the ternary phase diagram shown
in Fig. 38.* This diagram shows a two-phase region in the upper left that

*Figures 38 through 47 appear on pages 71 through 80.
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is larger or smaller depending on system temperature and pressure. Methane
(at the apex) is not directly miscible with the reservoir oil, shown lower
center, because of the intervening two-phase region. Increasing the pres-
sure to shrink the two-phase region so that a line between the reservoir
0il and methane does not cross the two-phase region would result in first-
contact miscibility. For the two-phase region shown, miscibility must be
achieved by multiple contacts which successively enrich the methane by
vaporization of Cy—Cq components from the oil. The gas composition
path follows the dew-point curve until line of sight with the reservoir oil
composition can be attained. If line of sight cannot be achieved without
passing the critical point and its tangential tieline, miscibility will not
be attained. This multiple-contact process has been termed vaporizing
miscible displacement or vaporizing gas drive. In other words, miscibility
is achieved by mass transfer of components from the oil to the gas through
vaporization.

In the enriched-gas process, multiple-contact miscibility is achieved by
mass transfer of components in the opposite direction, that is, by conden-
sation from the vapor phase into the liquid phase. As shown in Fig. 39,
this is achieved by injecting a gas rich in middle (Cy—Cg) components.
Through multiple contacts, these components condense into the oil (liquid)
phase, progressively enriching it in middle components. The oil, original-
ly poor in middle components, follows the compositional path shown by the
bubble-point curve. Miscibility is achieved when the enriched oil has a
composition that provides line of sight with the injected gas without
traversing the two-phase region or crossing the critical point. This pro-
cess has been termed condensing gas drive. First-contact miscibility would
occur in this system if the injected gas were sufficiently enriched in mid-
dle components so that a line connecting oil and injected gas composition
would not traverse the two-phase region initially.

Miscibility of CO, with Reservoir Oils. Early work with CO, flooding,
published in 1959, indicated that the high recovery of oil in place typical
of miscible displacements could be attained in the laboratory with Soltrol-
saturated Berea cores when flooded at 1,700 psi with a COp slug followed
by carbonated water [3]. Results of a COp-slug/carbonated-water field
test, which began in 1964, also indicated that a partial miscible displace-
ment could occur with a 41°API reservoir oil at 135°F flooded at pressures
averaging 2,200 psig [18]. Later research demonstrated that miscible-type
displacements could be verified, and provided a rationale for the attain-
ment of miscibility with CO, at pressures substantially lower than those
usually required when methane or flue gas was used as the miscible agent
[51]. More recent studies, presented in detail in the preceding section,
have illustrated the complexities involved 1in the miscible behavior of
COy/reservoir oil systems [50,54,55]. A recent paper reporting on the
results of research done 'to increase our understanding of the multiple-
contact miscible displacement mechanism for COp flooding" takes full
cognizance of these complexities and the authors propose that:
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TABLE II-8

NPC METHOD FOR ESTIMATING MISCIBILITY PRESSURE [26]

Miscibility Pressure Versus Oil Gravity

Gravity, Miscibility
°API pressure, psi
27 4,000
27-30 3,000
30 1,200

Correction for Reservoir Temperature

Temperature Additional pressure
(°F) required, psi
120 None
120-150 200
150-200 ' 350
200-250 500
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The mechanism of miscibility development is related directly
to the phase equilibria of the COZ/reservoir—fluid system.
When temperatures and pressures are high, the mechanism is one
of vaporization. . . . If, at the same pressure level, the
temperatures are relatively low, the mechanism is described
more correctly by condensation . . . of CO, into the oil
phase [56].

The authors conclude that more research is needed before a better under-
standing of the CO, multiple-contact miscible process can be formulated.

Work designed to identify on a more pragmatic basis the conditions under
which miscibility between CO, and reservoir oil could be attained has
proceeded in parallel with the efforts, discussed above, to understand

CO, miscible displacement from first principles. This work generally
allowed prediction of the pressure required to achieve miscibility of CO,
with oil when certain other data were available. A correlation presented

by Holm and Josendal [39,62] is shown in Fig. 40. To use this correla-
tion, the molecular weight of the C5, fraction of the reservoir oil and

reservoir temperature must be known. It can be seen that, for any given
molecular weight Cs, fraction, miscibility pressure increases at higher
temperatures. The correlation also indicates that higher pressures are

required to attain miscibility with heavier oils at any given temperature.
A second method of estimating miscibility pressure was used in a study pub-
lished by the National Petroleum Council [26]. This method appeared in
tabular form and is reproduced as Table II-8. Yellig and Metcalfe have re-
cently published a correlation that, on the basis of their comparative
data, seems to predict miscibility pressure with more statistical accuracy
than the two earlier methods [63]. This correlation and the methods by
which it was developed are discussed in more detail in the following para-
graphs.

In common with other investigators [17,39,51,54,55], Yellig and Metcalfe
observed that recovery of in-place oil by CO, displacement from an exper-
imental sand pack was a function of pressure until an observable "high"
pressure level was reached, at which point recovery approached 100 percent
of oil in place. Typical experimental data are shown in Fig. 41. The
pressure at which the recovery versus pressure curve breaks over (1350+
psi, Fig. 41) is the COy "minimum miscibility pressure" (MMP) as defined
by the authors.

The effect of temperature on experimental determinations of MMP is illus-
trated in Fig. 42. 1t can be seen that for oil of a given composition MMP
increases as system temperature increases. This effect was also shown by
Holm and Josendal (see Fig. 40) [39]. Experiments conducted with a variety
of oils ranging from "heavy" to '"light" indicated that minimum miscibility
pressure was only slightly dependent on composition. The experimental data
supporting this observation are shown in Fig. 43. The authors observed
that 'considering the temperature and compositional variations in this
study, it is likely that both condensation and vaporization displacement
mechanisms were encountered in these tests" [39].
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From these data a correlation was developed that can be used to predict

minimum miscibility pressure for CO, displacement. This correlation,
given in Fig. 44, indicates that MMP is a quasi-linear function of reser-
voir temperature. The authors noted that the correlation was reasonably

accurate when applied to oils having saturation (bubble-point) pressures
lower than MMP but was less accurate when the saturation pressure of the
0il was greater than predicted MMP, which may reflect compositional effects

not present 1in the synthetic experimental oils. Hence, the recommended
procedure for using Fig. 44 is:

(1) Determine MMP as a function of temperature alone;
(2) TIf MMP is less than the bubble-point pressure of the oil, take
MMP to be equal to bubble-point pressure.

This procedure helped to eliminate inaccuracies in comparing data from the
correlation with experimental miscibility pressure data. Data comparing
the predictive accuracy of this correlation with similar determinations
using earlier methods [26,39] are shown in Figs. 45 through 47.

This correlation can be used for a screening-type estimate of minimum mis-
cibility pressure. However, for serious project planning, experimental
determinations of miscibility using actual recombined reservoir oil and
actual injection gas (which may contain small fractions of methane, nitro-
gen, etc.) are prudent engineering practice. Investigations have shown
that higher pressure is required to achieve miscible recovery when the in-
jected €O 1is contaminated with methane or nitrogen [17,39] but may
decrease if the contaminants are hydrogen sulfide or hydrocarbons in the
Cy to Cgs range [26]. Field-source CO, gas commonly contains small
amounts of contaminants that cannot be economically separated. Hence,
laboratory results using reagent-grade COp may be misleading, even if
actual recombined reservoir oil is used to determine miscible displacement
behavior.
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Displacement/Extraction Processes in Porous Materials

A number of studies have been published reporting experimental data from
X displacements of various oils through porous materials by CO,. Some
studies using core material containing 100 percent oil saturation provide
insights into the miscible displacement mechanisms involved and suggest
such conclusions as:

"l. The use of CO, in displacements of reservoirs where mis-
cibility may be developed by the high-pressure gas process
offers the advantage of much lower displacement pressure
than with methane.

"2. Immiscible displacements by COp may yield very efficient
recovery of o0il by vaporization and swelling of the heavy
ends. . . ." [51]

Later work, discussed in the preceding section, concluded that:

"]. More than one mechanism 1is possible for miscible €0,
displacement of hydrocarbon systems.

"2. Reservoir temperature and displacement pressure (insofar
as they fix CO,-oil phase equilibria) determine which
mechanism will control the displacement." [56]

Other displacement experiments, in which immobile or mobile water satura-
tions were present, are discussed in the following paragraphs.

Experimental data published by Holm clearly show the efficacy of CO, as
an enhanced oil recovery agent [3]. Typical results of a displacement in a
Berea sandstone core by injecting a COp slug followed by carbonated water
are shown in Fig. 48.* Data from a similar experiment conducted in McCook
dolomite are shown in Fig. 49.

In these experiments, the cores were first saturated with water and then
flooded with oil at the desired pressure and temperature. This procedure
resulted in o0il saturations ranging from 53 to 57 percent of pore space.
002-5lug/carbonated—water floods conducted at 1,700 psi at temperatures
of 95°F and 130°F showed the high oil recoveries (96 and 92 percent of oil
in place respectively) typical of miscible displacements. Floods conducted
at lower pressures (1,000 to 1,370 psi) resulted in recoveries ranging from
78 to 89 percent of oil in place. Typical waterflood recoveries in these
cores ranged from 33 to 41 percent of oil in place. These high recoveries
indicated that considerable extraction of oil by CO, had taken place even
though truly "miscible" conditions were not attained. Extraction of oil
was confirmed by compositional observations in an experiment conducted at
1,300 psig and 125°F, which indicated that a bank of light hydrocarbons was
formed between the driven oil and the injected carbon dioxide. Holm

*Figures 48 through 55 appear on pages 85 through 92.
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characterized this phenomenon as 'a retrograde vaporization of the lighter
hydrocarbons into the COp rich phase" [3]. Similar results were later
" reported for a series of COj displacement experiments in slim-tube sand
packs [39]. Results of these experiments are shown in Fig. 50, which also
shows that high recoveries were attained from a €0, displacement conduct-
ed at 71°F and 1,250 psig. Data given earlier in Fig. 14B indicate that
substantial extraction of the oil would occur at this temperature with
pressures in excess of about 900 psig.

Results of a COp displacement in a Berea core were reported by Shelton
and Yarborough [54]. 1In this experiment, the core was saturated with re-
combined reservoir oil "B" (Table II-5, Fig. 36) and an immobile connate
water phase. The experiment was conducted at 94°F and 1,450 psig and
achieved 91 percent recovery of the 0il in place. Sight-glass observations
indicated that a COgp-rich liquid phase and an oil-rich liquid phase
formed in the core. A solid precipitate of black asphaltic material also
formed. This experiment apparently confirmed that the phase behavior
observed in equilibrium cell studies (discussed above) also occurs during
displacement through porous material when water is present in the system.

These experimental data and other reports all indicate that CO, is an ef-
ficient agent for recovery of oil under "secondary" conditions of high oil

saturation and immobile water saturation whether or mnot true miscibility 1is
attained [16,17,64].

Experimental data have also been published in which CO, was used to dis-
place residual oil left by waterflooding of cores, a 'tertiary' recovery .
process. An example of the data from this type of core experiment is shown
in Fig. 51 [17]. Im this experiment, continuous injection of 0.75 pore
volume of CO, resulted in 90 percent recovery of residual oil.

Figure 52 shows data presented by Huang and Tracht for a continuous COp
drive of a Berea core that had been waterflooded to immobile residual oil
saturation [55]. This experiment was performed for reservoir conditions of
90°F and 1,250 psig with a waterflood-residual oil saturation of 38.5 per-
cent. O0il production began after injection of 0.23 pore volume of COp
and CO, production started at an injection of 0.35 pore volume. After
CO, breakthrough, the produced oil changed from dark brown (35°API) to
light yellow (40°API) near the end of injection. O0il recovery was 68.9
percent of in-place residual 0il saturation. Data from a suite of similar
experiments are shown in Fig. 53; the experimental results are listed in
Table II-9. These data also illustrate the effect of the size of a water-—
driven CO, slug on ultimate recovery. In this core, optimum slug size
was indicated to be 0.42 pore volume. Smaller slugs gave lower recovery,
as shown in Fig. 53. On the basis of equilibrium cell studies, COp was
immiscible with the residual oil at the pressure and temperature of the
experiments. Despite this, considerable recovery of waterflood-residual
0il was achieved by swelling and extraction of hydrocarbons in place and
possibly by the effects of low interfacial tension between equilibrium
phases of the CO,-hydrocarbon mixtures [64]. Similar results were re~
ported by Kumar and Von Gonten for a series of experiments in Berea cores,
in which CO, was also immiscible at experimental conditions [65].
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Laboratory studies have shown that oil may be isolated from contact with a
displacing "solvent" 1like CO, by the presence of mobile water; thus it
may remain trapped during a tertiary displacement [66-68]. Studies using
cores have shown that most of the residual oil left by waterflood can be
initially isol<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>