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ABSTRACT
Developing Alaskan heavy oils resources has become necessary as, the production from light oil
fields in Alaska’s North Slope (ANS) is on the decline. Due to the extremely viscous nature of
these heavy oils, they are hard to produce by natural pressure. Miscible gas injection Enhanced
Oil Recovery (EOR) can be one of the methods for production of these heavy oils.
Minimum miscibility pressure (MMP) is an important optimization parameter for EOR processes
involving CO 2 or hydrocarbon gas injection. The MMP for a gas-oil system is directly related to
the interfacial tension between the injected gas and the reservoir crude oil. In this study, a new
technique called Vanishing Interfacial Tension (VIT) was used to measure MMP at reservoir
conditions. Experiments were conducted using various gas-oil systems to determine the MMP.
The experimental results were modeled using the Peng-Robinson Equation-of-State (EOS) with a
commercial simulator (CMG). The Peng-Robinson EOS was tuned with experimental data to
predict the MMP accurately.
This study has demonstrated the accuracy of the VIT technique in predicting MMP by pendant
drop method experiments and simulations using CMG software.
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1. Introduction
1.1. Overview
With the tremendous growth in human civilization, the world needs enormous new crude oil
reserves. Currently no economical, abundant substitute for crude oil is available, nor does one
seem likely to become available in the next several decades. Even at a price of more than
$80/barrel, maintaining the supply needed to support the economies of industrial countries and
enable them to grow will require the development of significant additional crude oil reserves.
At the current production rate, the world’s light oil reserves may last another few decades.
Renewable forms of energy are an option, but their production is too expensive and large-scale
usage isn’t possible. Heavy crude oils thus seem to be an alternative for stabilizing soaring fuel
prices. The original oil in place (OOIP) volume of heavy oil in US was 105 million barrels. The
US Department of Energy (DOE) defines heavy oil as between API gravities 10° to 23.3° (US
DOE/NETL, 2005).
The North Slope of Alaska is home to the largest oilfield ever found in North America, the
legendary Prudhoe Bay. Also linked to the Prudhoe Bay infrastructure is Kuparuk River oilfield,
the nation’s second largest oilfield by production. A number of smaller oilfields that still would
be considered giants by Lower 48 standards have been developed nearby. Perhaps the biggest
potential source of oil on the North Slope is the less-heralded heavy oil formations overlying the
main producing zones at Prudhoe Bay and Kuparuk. As much as 36 billion barrels of OOIP lie
within the Ugnu, West Sak, and Schrader Bluff formations. This value surpasses the OOIP of
Prudhoe and Kuparuk combined; and represents the largest undeveloped accumulations in North
America. These heavy oil reservoirs lie above the existing ANS light oil fields and are
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tantalizingly in reach of existing infrastructure. The geologic description of these areas is well
known, thus can help save associated exploration cost (US DOE/NETL, 2005).
ANS heavy oil development also offers other intangible benefits such as opportunities for CO 2
sequestration. At a depth of 3,000-3,500 feet, the proximity of these formations to the subsurface
permafrost renders the already low-gravity crudes extremely viscous. The viscosity of these
crudes can be as high as

10,000

cp, which renders it difficult in flow to the wellbore for

production. Also these areas are underlined by low formation strength, which presents an
additional hurdle to high recovery and productivity rates. North Slope producers have struggled
for years to devise a techno-economic plan to recover the heavy oils. Such a plan has become
more important for America’s energy security because of production declines in other North
Slope fields.
North Slope operators thus far have focused on the less-viscous crudes in the West Sak and
Schrader Bluff heavy oil formations, where viscosities range from 30 cp to 3,000 cp. The
combined OOIP volumes for these two formations total about 10-20 billion barrels. Even at
modest recovery rates, the producible reserves could total several billion barrels of oil (US
DOE/NETL, 2005).
North Slope operators have had some success producing the less-viscous crudes in the West Sak
and Schrader Bluff formations by injecting slugs of water alternating with gas (WAG) into the
reservoirs. Also, there are several gas streams available on the North Slope that contain natural
gas liquids and carbon dioxide. Natural gas liquids have been used for years as part of a miscible
gas EOR effort to bolster recovery at Prudhoe Bay. CO 2 flooding is the fastest-growing form of
EOR in the United States and creates the opportunity for environmentally safe disposal of the
greenhouse gas (US DOE/NETL, 2005).
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EOR, using miscible gas displacement, is a widely used technique and can increase the
production of oil beyond what is typically achievable using the conventional recovery methods.
Gas injectants are generally injected into the reservoirs either in immiscible or miscible condition.
Miscible gas injection, where the gas becomes miscible with the reservoir fluid at reservoir
temperature, is the amongst the most widely used EOR process in the US today after thermal
recovery processes, and it accounts for significant EOR oil production.
Crude oil is trapped in reservoirs after primary and secondary recovery methods due to the
capillary forces that exist between the rock and fluids. These forces prevent the oil from flowing
in the porous reservoir rocks, thereby leaving behind huge amounts of residual oil in the
reservoirs. The injected gases react favorably with the crude oil, mobilizing the trapped oil that is
otherwise unrecoverable by conventional processes while maintaining reservoir pressure, and this
results in efficient oil displacement. The injected gases dissolve in oil, swell the oil, reduce the
oil’s viscosity and lower the interfacial tension (IFT) between the fluid phases, thus permitting
the recovery of huge amounts of the trapped oil in the reservoirs. Zero IFT between the fluid
phases is the necessary condition for the gas to achieve complete miscibility with the reservoir
oil, which then results in the most efficient displacement of oil by the gas.
An accurate determination of optimum conditions required for gas-oil miscibility in the
laboratory is important for maximum economic oil recovery in the field. Minimum miscibility
pressure (MMP) hence becomes the most important optimization parameter for determining gasoil miscibility at reservoir conditions.
In this work a new method called Vanishing Interfacial Tension (VIT) technique, was used in
experiments to generate gas-oil IFT measurements. The basis of VIT technique is the fact that
IFT reduces as gas-oil miscibility is approached. The VIT method involves the measurement of
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gas-oil IFT from the shape of the drops (pendant drop technique) that is captured by a digital
video camera.

1.2. Objectives of the Study
• Experimental determination of MMP using VIT technique.
• Application of empirical correlations for MMP calculation.
• Simulation using Equation of states (EOS) for MMP measurements.
• Comparison of MMPs calculated by above methods.
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2. Description of Reservoirs
2.1. West Sak Reservoir
West Sak heavy oil deposits are located within the Kuparuk River Unit (KRU) on the North Slope
of Alaska. The estimated oil in place is about 20-25 billion barrels (Targac et al., 2005). The West
Sak formation is a lower shoreface to the inner shelf, Cretaceous-aged formation that has an
average gross thickness of about 500 feet and an average net thickness of about 90 feet. The West
Sak reservoir ranges from 2,400 feet true vertical subsea depth (SSTVD) on the western edge of
Kuparuk to about 3,800 feet SSTVD on the eastern edge. The West Sak sands consist of a very
fine-to-fine-grained sands and silty sands interbedded with silt and mud. Sand grains consist of
quartz, lithic rock fragments, and feldspar with traces of mica and glauconite. Areal delineation of
the West Sak reservoir is shown in Figure 2.1 (Alurkar, 2007).
The West Sak core area, which is the best-quality and warmest portion of the reservoir, is located
on the eastern edge of Kuparuk Field. The core area contains about 2.5 billion barrels of oil. The
oil gravity in this region ranges from 16° to 22° API at a reservoir temperature of 75°F. In this
area, live-oil viscosities range from 20 to 100 cp. On an overall basis, the oil gravities are in the
range of 10°-22° API, with live oil viscosities between 10 to 3,000 cp. The average porosity is
less than 20%, and the horizontal air permeability is on the order of 140 millidarcy (mD). Due to
proximity to overlying permafrost, the temperature range in the reservoir is between 75°-100°F
(AOGCC, 1997).
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Figure 2.1: Oil Deposits Present in the Alaska North Slope (Jhaveri, 2007)
West Sak sands have a gentle dip of 1-2 degrees (130 feet per mile) from north to northeast.
These sands are intersected by N -S trending faults. The throw on these faults may range from 50
to 150 feet. The general trapping condition of oil in West Sak sands is due to the combination of
faults and stratigraphy. The West Sak reservoir is mainly divisible into two parts; the upper and
lower sands. The upper sands consist widely of the “D” sands and the “B” sands, and they range
from 25 to 40 feet thick. Individual sands in the lower interval may range from 0.2 to 5 feet in
thickness, and consist of amalgamated sand rich units which range up to 10 feet in thickness. The
“D” and “B” sands are separated by an intervening “C” mudstone. As shown in Figure 2.2, the
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“D” and “B” sands of the West Sak interval correlate with the “OA” and “OB” sands in the
Schrader Bluff oil pool (Panda, 1988).

Figure 2.2: Stratigraphic Section West Sak/Schrader Bluff (Fischer, 2006)

2.2. Schrader Bluff Reservoir-Milne Point Unit
The shallow Schrader Bluff/West Sak/Ugnu reservoirs overlie the main reservoirs at the Kuparuk
River, Milne Point, and Prudhoe Bay fields. Schrader Bluff consists of late Cretaceous, near shore
marine sand sequences. Schrader Bluff sands are mainly classified as the “N” and the “O” sands.
The “N” sands have subintervals “NF”, “NE”, “ND”, “NC”, “NB”, “NA”. The upper “N” sands
are comprised of multiple layers varying in thickness between 5 and 15 feet, with permeabilities
ranging between 5 mD to 5 Darcy. The lower “O” sands are further subdivided in two intervals as
“OA” and “OB” sands. The average thickness of “O” sands varies between 10 to 35 feet. The
permeabilities in these sands range from 10 mD to 1 Darcy. The average porosity in all sand units
varies from 25 to 28 %.
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The formation dips gently north-northeast at a rate of 170 feet per mile. The Schrader Bluff
formation extends between 3,400 feet to 5,200 feet SSTVD. The Schrader Bluff reservoir is
undersaturated and has no gas cap. At a depth of 4,000 SSTVD the initial average reservoir
pressure (Pi) is 1,750 psig with an average reservoir temperature of 81°F. The oil gravity of the
Schrader Bluff reservoir varies between 14°-22°API and viscosities between 30 to 70 cp. C7+ is
the major component in the Schrader Bluff live oils (67 mole % on average) (Bidinger and
Dillon, 1995).

9

3. Gas Injection Based EOR Processes
3.1. Overview
Primary oil recovery is a method of producing oil and gas using the natural pressure of the
reservoir as a driving force to push the fluids to the surface, and it is typically applied during the
initial phase of oil production. The common modes of production by primary oil recovery
include; natural water drive, gas cap drive, solution gas drive and gravity drainage. The primary
oil recovery factor yields about 10 % of the OOIP (Craft and Hawkins, 1991).
Secondary oil recovery is applied to produce the residual oil and gas. This process requires the
supply of external energy into the reservoir in the form of injected fluids. The injected fluids help
to increase the reservoir pressure by replacing or restoring the natural energy drive with an
artificial energy drive. This method, known as water flooding is typically achieved by injection of
water into the reservoir by drilling a number of injection wells. The ultimate recovery obtained by
these processes (primary and secondary oil recovery) is often less than 40 % OOIP (Craft and
Hawkins, 1991).
Tertiary recovery methods are applied to reservoirs where the residual oil saturation is greater
than 50 %, left behind from primary and secondary processes. Such a process increases the
amount of oil recovered from the pores by increasing the sweep efficiency or the displacement,
when one fluid is displacing the other. The tertiary EOR processes can be categorized as,
chemical processes, thermal processes, microbial processes and miscible gas injection (Latil,
1980).
Thermal EOR processes are not feasible on the ANS due to close proximity of the reservoirs with
the overlying permafrost. Microbial and chemical processes are still in their growth phases. New
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methods like cold heavy oil production with sand (CHOPS) have been used in the Canadian
heavy oil industry. CHOPS comprises of deliberate initiation of sand influx during the completion
procedure. The sand is produced along with oil, water and gas, and separated from the oil before
being cleaned and sent to facility for upgrading to synthetic crude. The basic disadvantages of this
method being (Dusseault, 2002):
1. CHOPS has been used in reservoirs which consist of unconsolidated sands.
2. The life term of CHOPS well is usually of the order of 1 year and hence they are not cost
effective.
3. The process was seen to cause warm holes in the reservoir due to continuous sand production.
On the other hand gas injection EOR offers two benefits:
1. The gases obtained after separation in the process plants can be used to maintain the pressure
in the reservoir.
2

. Gases like CO 2 can be sequestered into the ground and help in mobilizing the oil by reducing
its viscosity.

Hence, taking the above factors into consideration gas injection EOR seems to be a better option
for ANS heavy oils.

3.2. Miscible Gas Injection / Miscible Displacement Processes
The processes, where effectiveness of the displacement results primarily from miscibility between
the oil in place and the injected fluid, are known as miscible displacement processes. Gas
flooding technologies primarily use carbon dioxide flooding as a method to produce additional oil
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from the reservoir by channeling gas into previously-bypassed areas. In the past decade, flooding
with nitrogen gas, flue gas, and enriched natural gas has also shown some beneficial results by
increasing recovery when used to re-pressure reservoirs. Nitrogen and flue gas may be useful in
areas where CO 2 is not economically available for use. Figure 3.1 shows a typical gas flooding
EOR process (Green and Willhite, 1998).

Figure 3.1: Miscible Gas Injection Processes (Modified US DOE/NETL, 2008)
In an immiscible displacement process, such as a waterflood, the macroscopic displacement
efficiency, ED, is much less than unity. The residual oil saturation is strongly affected by rock
wettability and IFT at the oil-water interface. The development of miscible floods leads to
reduced adverse rock wettability and low IFT. Miscible injectants form a single phase when they
are completely mixed with reservoir oil, thereby reducing IFT in solvent/oil transition zone. In an
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ideal scenario, the IFT in a miscible flood is reduced to zero, and displacement is not affected by
relative permeability between solvent and oil, resulting in 100 % displacement efficiency. Also,
the relative permeability of the rock to oil and solvent is not a critical factor (Inganti, 1994).

3.3. First-Contact Miscible Process
First-contact miscibility (FCM) is achieved when the injected solvent is directly miscible in all
proportions and forms a single phase with the reservoir oil on first contact. FCM is achieved
when the injection pressure obtained from the pressure/composition (P-x) diagram for the
solvent/oil mixture is greater than the cricondenbar pressure. Above this pressure all solvent/oil
mixtures are in single phase. Usually solvents with intermediate molecular weight, like propane,
butane, natural gas liquids (NGL), and mixtures of liquefied petroleum gas (LPG), are used for
FCM flooding.
The advantage of using these solvents is that miscibility is developed at low pressures with crude
oil. The high cost makes it unfeasible for these solvents to be injected continuously. Sometimes
small volumes of solvent slugs (diluted with oil and drive gas) are injected. The disadvantage of
using slugs is that miscibility can be lost and viscous fingering can occur, whereby drive gas
penetrates as small slugs and comes into direct contact with oil, resulting in poor sweep
efficiencies (Stalkup Jr., 1983).
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3.4. Multi-Contact Miscible Process
The process by which the condition of miscibility is generated in the reservoir through in-situ
composition changes resulting from multiple-contacts and mass transfer between reservoir oil and
injected fluid is known as multi-contact miscibility (MCM) displacement. Under optimum
conditions of pressure, temperature, and composition, this compositional modification will
generate miscibility between the displacing and displaced phases in the reservoir. MCM can be
described as the thermodynamic state of equilibrium between the injected gas and the reservoir
fluid, in which there has been a complete mass transfer of components from the reservoir fluid to
the injected gas (vaporizing drive) and from the injected gas into the reservoir fluid (condensing
drive) (Green and Willhite, 1998). MCM processes are classified as follows:

3.4.1. Vaporizing Gas Drive
The vaporizing gas drive process involves the vaporization of intermediate to higher molecular
weight hydrocarbons (C 5 to C30) from the reservoir to create a miscible transition zone. Natural
gas, flue gas, or nitrogen can achieve miscibility by this method, provided miscibility pressure is
attainable. Holm and Josendal (1974) explain the vaporizing gas drive mechanism in the
following way:
An injection gas extracts the intermediate hydrocarbons from the reservoir oil until a sufficient
quantity of these hydrocarbons exists at the displacement front to cause the oil to be miscibly
displaced (frontal displacement). The miscibility stops at this point due to the dispersion
mechanism. When the miscibility doesn’t exist, the extraction or vaporization mechanism again
occurs to re-establish miscibility.
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Figure 3.2 shows the ternary diagram in which miscibility is achieved by the vaporizing gas
drive. Reservoir oil A, which contains a higher fraction of intermediate molecular hydrocarbons,
is initially not miscible with the injected gas. The injected gas mixed with the oil to give a new
mixture of overall composition M 1 at first contact. This mixture is in a two phase region and
separates into vapor G 1 and L1 that are in equilibrium at this point. The gas G 1 will have a higher
mobility than liquid L1 , and hence subsequent injection of gas into the reservoir preferentially
moves gas G i further into the reservoir where it will contact fresh reservoir oil. The resulting
mixture is denoted by M 2 . At this stage the mixture has reached equilibrium with gas phase G 2 and
liquid phase L 2 . The process continues with vapor phase composition change along the saturated
vapor curve G 3 and finally reaches the plait point. The plait point fluid is directly miscible with
the reservoir oil. A transition zone of continuously miscible compositions is established from the
reservoir oil to the injected gas composition. The line tangent to the binodal curve is called the
limiting tie-line. The distinction between processes that will and will not be miscible is
determined by the limiting tie-line. The point at which the tie-line just passes the reservoir oil
composition gives the MMP.
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Figure 3.2: Ternary Diagram of Vaporizing Gas Drive (Modified from Stalkup Jr., 1983)

3.4.2. Condensing Gas Drive (Enriched Gas Drive)
Condensing drive injectants are characterized by the presence of a significant number of
intermediate molecular weight hydrocarbon components (C 2 to C6 ). The process depends on the
condensation of these components into the reservoir oil, thus modifying the oil composition. The
modified oil then becomes miscible with the injected fluid (Green and Willhite, 1998).
The process is illustrated in Figure 3.3. The gas is injected into the reservoir oil at point B (first
contact) to give a mixture of overall composition M 1 within the two phase region. This mixture is
separated into two components: gas G1 and liquid L1 . Gas B pushes mobile equilibrium gas G 1
ahead of liquid L1 . The liquid L 1 is thus left to contact with fresh gas B and give a new
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equilibrium mixture M 2 . Mixture M 2 separates into gas G 2 and liquid L 2 . Liquid L 2 lies closer to
the plait point after the first contact. The composition of the liquid at the wellbore is altered by
continuous injection of gas B, until it reaches the plait point. The plait point fluid is directly
miscible with the injection gas. The multiple-contact process creates a transition zone of
continuously miscible liquid composition from the reservoir oil composition through
compositions L1 , L 2 , L 3 , and P on the bubble point to the injected gas composition. At the same
time a transition of gas compositions G 1, G 2 , G 3 and P is created along the dew point curve. The
multiple-contact mechanism leads to the enrichment of reservoir oil with intermediate molecular
weight hydrocarbons until it becomes miscible with the injected gas (Green and Willhite, 1998).

Figure 3.3: Ternary diagram of Condensing Gas Drive (Modified from Stalkup Jr., 1983)
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3.4.3. Condensing/Vaporizing Gas Drive
When an enriched gas comes into contact with oil, light intermediates condense from the gas into
the oil, making the oil lighter. During the same time, middle intermediates from the oil are
stripped by the injection gas. Since none of these components are present in the injection gas,
they cannot be replenished back into the oil. This prevents development of miscibility between
the oil and injected gas in the upstream location.
However, after some period of injection, oil downstream “sees” a gas that is rich in both light and
middle intermediates. This gas occurs because oil upstream becomes saturated with light
intermediates, but the gas strips out the middle intermediate components. Thus, gas downstream
actually becomes a little richer. As this process continues and moves downstream, the
condensing/vaporizing mechanism results in a gas that is almost miscible with the reservoir oil.
While miscibility (single phase) may never be reached, the displacement process is quite efficient
(Zick, 1986).

3.5. CO2 and CH4 Displacement
CO 2 and CH 4 were two of the three injectant gases used for measurement of MMP in this work.
The gases were obtained in pressurized containers from Airgas Nor Pac, Inc in Portland. The
pressure inside CO 2 containers was 600 psi at 74°F and that of CH 4 was 1500 psi at 74°F. The
gases were about 98% pure with small amounts of inert components and Nitrogen.
An idealized description of the CO 2 miscible displacement process on a pseudo-ternary diagram is
essentially the same as for the high-pressure vaporizing process. CO 2 is unique as compared to
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hydrocarbon solvents. As illustrated in Figure 3.4, at the same temperature and pressure, the twophase envelope is much smaller for the CO 2 system than for the CH 4 system. Also, the limiting
tie-line for the CO 2 system seems to have a slope that is more parallel to the CO 2 /C 7 + side of the
ternary diagram than the C 1 system. Thus, miscibility can be generated using CO 2 at lower
pressures (Green and Willhite, 1998).

Figure 3.4: Comparison of Two Phase Envelope for CH 4 and CO 2 Hydrocarbon Systems
(Modified from Green and Willhite, 1998)
CO 2 is efficient in removing hydrocarbons from the oil because of the following reasons (Inganti,
1994):
• It promotes swelling due to its high solubility in hydrocarbons.
• It reduces oil viscosity.
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• It exerts an acidic effect on the rock.
• It can vaporize and extract portions of the crude oil.
The effect of adding methane increases the miscibility pressure for a system; that is, for any given
oil, a higher pressure is required for miscibility if C 1 is present in the displacing fluid. This is also
true for the presence of other noncondensable gases, such as N 2 and O 2 . LPG components such as
C 2 and C3 are helpful and offset the effect of C 1 and other noncondensable gases. At lower
temperatures (about 120°F or less), CO 2 phase behavior is often such that two liquid phases or
two liquid phases and a vapor phase are formed. The description of the process is more complex
to be predicted on the pseudo-ternary diagram, because at higher pressures and lower
temperatures the density of CO 2 is more than that of liquid causing density inversion (Green and
Willhite, 1998). Using CO 2 may cause corrosion in pipelines and other equipment, which can be a
major disadvantage for its use as a miscible injectant.

3.6. Viscosity Reducing Injectant Miscible Displacement
Viscosity reducing injectant (VRI) was the third injectant gas used for this work. West Sak
viscosity reducing injectant (VRI) is currently used by BP Exploration Alaska (BPXA) as an
injectant gas for EOR process on ANS crude oils. VRI is manufactured by mixing heavy
components with the produced gas, which is generally lean on the North Slope. When VRI is
injected into heavy reservoir oil, oil viscosity can be reduced by up to 90 % and the oil recovery
can be improved by 15-20 % (McGuire et al., 2005). Recovery using VRI is enhanced by
viscosity reduction and swelling (Jhaveri, 2007). As VRI can be easily manufactured on the North
Slope, the gas was taken into consideration for this study. The gas was recombined, using the
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composition shown in McGuire’s literature, by Airgas Nor Pac, Inc in Portland. The delivery
pressure of the container was 200 psi at 74°F. The composition shown in Table 3.1 was
measured by gas chromatograph analysis in the laboratory and found to be almost the same.

Table 3.1: Percent Mole Composition of VRI
Composition
CO2
C1
C2
C3
C4
C5
C6
C7+
total

Mole%
1.197
78.400
8.904
5.919
4.199
1.129
0.215
0.041
100.00

3.7. Definition of Minimum Miscibility Pressure
The process in which there is an absence of a phase boundary or interface between the displaced
and displacing fluids is called miscible displacement process. This condition is achieved when the
interface between the fluids is absent and no interfacial tension exists between the mixed fluid
phases. In a miscible displacement process, the injected gas directly mixes and forms a single
phase with the reservoir oil when mixed with it at all proportions at the conditions existing at the
interface between the oil and the gas. This results in the elimination of interfacial tension forces
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between the oil and displacing fluid. The pressure at which the interfacial tension becomes “zero”
is termed as Minimum Miscibility Pressure (MMP) (Rao, 1997).
MMP is one of the most important parameters in the determination of optimum operating
conditions involving miscible gas displacement processes and hence should be accurately
measured. “MMP for a CO 2 reservoir fluid system is defined as the pressure at which 80 % of the
oil in place is recovered at CO 2 breakthrough and 94 % of the oil in place at a production gas/oil
ratio (GOR) of 40,000 SCF/BBL is ultimately recovered (Holm and Josendal, 1974)”. “MMP is
the lowest pressure at which all oil available for recovery can be displaced by

1.2

pore volumes of

injected solvent (Metcalfe and Yarborough, 1979)”.
In a majority of research, the criteria used for interpreting the displacements have included gas
breakthrough, ultimate recoveries at a given volume of the solvent injection, visual observations
of core effluents, compositions of produced gases and liquids, shapes of breakthrough, and
ultimate recovery curves versus pressure (Rao, 1997).

3.8. Factors Affecting MMP
Holm and Josendal (1980) put forth the following conclusions based on the experiments they
carried out:
• Dynamic miscibility occurs when the density of CO 2 is greater than dense gaseous CO 2 . At
this point CO 2 solubilizes C5 to C30 hydrocarbon components in the reservoir oil.
• MMP increases as reservoir temperature increases.
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• MMP is inversely related to the total amount of C 5 through C 3 0 hydrocarbon components
present in the reservoir oil. The more the amounts of these hydrocarbon components present
in the oil, the lower the MMP.
• Lower molecular weight hydrocarbon components promote miscibility and result in lower
MMP.
• Development of miscibility is almost independent of the presence of components C 2 through
C4 .
• The presence of small amount of methane in the oil doesn’t change MMP appreciably. As a
deviation from this rule Alston et al. (1985) proposed a new Equation accounting for the
inclusion of methane and nitrogen concentration in reservoir oil. The correlation proved that a
significant amount of these components in the reservoir oil increases MMP.
Ahmed (2007) described more parameters which affect MMP:
• Oil characteristics and properties including API gravity.
• Injected gas composition. Presence of methane in injection increases MMP.
• Oil molecular weight.

3.9. Experimental Methods to Determine MMP
3.9.1. Slim Tube Displacement
Displacement of oil by gas through a porous medium simulates the gas injection process more
closely than other tests and often is considered a definitive test. The displacement is conducted
either in a core, extracted from the reservoir, or more often in a long and narrow sand pack,
known as a “slim tube”. A slim tube test is conducted to examine the flushing efficiency and fluid
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mixing during a miscible displacement process. Slim tube results are interpreted by making a plot
of cumulative oil recovery versus pore volume of injected gas. Recovery with 1.2 pore volume of
gas injection is plotted versus injection pressure. The point at which the recovery/pressure curve
starts to flatten, as the displacement becomes near miscibility and eventually forms a straight line
starting at a certain pressure, is called MMP (Danesh, 1998).
The disadvantages associated with slim tube tests are:
• The experimental procedure is time consuming.
• There are no precise miscibility criteria, resulting in the indirect interpretation of miscibility,
such as prediction of MMP, from the oil recovery curves.
• Plugging of slim tubes can be a problem.

3.9.2. Vanishing Interfacial Tension Technique
Rao (1997) put forth a new technique to determine gas-oil miscibility. The method consists of
measuring the IFT between the injected gas and reservoir fluid phases at reservoir temperature
and at different pressures. VIT technique is based on the concept that the interfacial tension
between the gas and crude oil phases at reservoir temperature must reduce to zero as these two
phases approach the point of miscibility. The concept of zero IFT is based on the fact that the
interface between the phases must vanish as they become miscible with each other. Thus, MMP
can be determined by measuring the gas-oil IFT as a function of pressure, down to as low as the
measurement apparatus allows, and then extrapolating the data to zero interfacial tension. The
present work deals with this new VIT technique using a pendant drop apparatus.
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3.9.3.1. Rising Bubble Apparatus
For quick and reasonable estimates of gas/oil miscibility rising bubble (RBA) technique is
employed. Miscibility is determined by the change in shape and appearance of bubbles of injected
gas as they rise through a visual high-pressure cell filled with crude oil. A series of tests are
conducted at different pressures of the injected gas, and the bubble shape is continuously
monitored to determine miscibility. The test is qualitative in nature, as miscibility is inferred from
visual observations. Hence, some subjectivity is associated with the miscibility interpretation of
this technique. The results therefore, obtained from this test, are somewhat arbitrary. The method
requires a small amount of fluid quantities and is cheaper as compared to slim tube tests. Also, no
strong theoretical background appears to be associated with this technique, and it provides only
reasonable estimates of gas/oil miscibility conditions (Ahmed, 2007).

3.9.3.2. Pendant Drop Method
The pendant drop method is used to measure gas-oil IFT at high-pressures and temperatures.
Figure 3.5 shows a liquid droplet hanging from the tip of a needle in a high-pressure optical cell
filled with equilibrated vapor (Dandekar, 2006).

Figure 3.5: Pendant Drop Shape (Heriot-Watt Institute of Petroleum Engineering, 2008)
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The shape and size of the liquid droplet at static conditions is dependent upon surface and gravity
forces acting at the interface of oil and gas. The pendant drop assembly is normally integrated
into a high pressure cell that can be maintained at constant temperature and pressure as required
for experimental conditions. The equilibrium shape of the hanging pendant drop is a balance
between the forces acting on the drop, namely gravity. Gravity pulls the drop down by elongation
and surface tension which acts to prevent the growth of surface area and pullsthe drop into a
spherical shape. The shape of the drop contains both the density and the surfacetension of the
liquid, and this helps form the gas-oil IFT Equation (Dandekar, 2006):
CT = ^ H P ~ p v ) ................................................................................................................................. (31)
where
o = IFT between the oil and gas phase, dynes/cm.
g = acceleration due to gravity, cm/s2.
pl = equilibrium density, g/cc.
pg = gas phase density, g/cc.
de = equatorial diameter of the maximum horizontal diameter of the drop, cm.
ds = diameter of the drop measured at a distance de above the tip of the drop, cm.
H = drop shape factor as a function of S = ds/de.
Niederhauser and Bartell (1947) have determined and reported the values of “H”, by relating the
pressure difference across the interface to the interface curvature. First the value of “S” is
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determined, using the Table published by Niederhauser and Bartell (Appendix A), from which the
drop shape factor “H” can be measured. In the absence of this Table, drop shape factor can also
be calculated using Equations proposed by Misak (1968).
The advantages associated with the pendant drop method are that small amount of liquid samples
are required, and the test can be performed at elevated temperatures and pressures. The time
required for completion of the experiments is far less than slim tube and the apparatus is easy to
setup. The major disadvantage is that this method is not applicable to very low tension values. As
miscibility or the critical point between fluid-fluid phases is approached, due to rapid diffusion of
drops into the surrounding gas, it is difficult to measure the drop shape factor accurately. Also, as
in the case of RBA, the test is qualitative in nature, as miscibility is inferred from visual
observations (Orr Jr. and Jessen, 2007). However, the error was reduced in these experiments by
performing multiple runs and repeating the experiments. Pendant drop was chosen due to the
availability of equipment in the laboratory and the benefits described above.

3.10. Equation of State Modeling and Simulations
Phase behavior calculations of reservoir fluids are routinely made using Equations of state (EOS)
in petroleum industry. The phase behavior of oil in miscible injection processes consists mainly
of mass transfer as well as composition changes. It is important to tune the EOS, prior to use, for
accurate prediction of properties. Cubic EOS like Peng-Robinson’s (1976) is widely used for
convenient and flexible calculation of the complex phase behavior of the reservoir fluids. The
Peng-Robinson’s Equation is represented in the Equation below:
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a
P = RT
V - b V(V + b) + b(V - b)
c

(3.2)

(3.3)

where,
a and b = mixing coefficients.
Qa and Qb = constants.
a = correction factor which is dependent on the reduced temperature and quadratic function based
on the acentric factor.
P, V, and T = pressure, mole volume and temperature of the components.
Peng and Robinson (1978) recommended a modification to the acentric factor, and the resulting
Equation was described as PR-EOS. Parameters like bubble point, liquid phase densities, and
compositions may differ by several percent from experimental values. These inconsistencies in
EOS predictions are because of insufficient characterization of the plus fractions, inadequate
binary interaction coefficients, or incorrect overall composition. Usually most EOS predictions
are not accurate. Hence, before using these EOS for phase-behavior calculations, it is necessary to
calibrate the EOS against the experimental data by adjusting input values of these parameters of
the EOS so as to minimize the difference between the predicted and measured values. Critical
pressure (Pc), critical temperature (Tc) and acentric factor (©) of the plus fraction or direct
multipliers on EOS constants can be modified for matching experimental data obtained from PVT
studies on reservoir fluid. The adjustment which is done via regression analysis is known as
“Equation tuning”, and shall be described in the later part of the work.

28

3.11. Previous Work on MMP Measurements Using VIT Technique
Rao (1997) first demonstrated the applicability of VIT to measure MMP. He experimentally
demonstrated the applicability of the VIT technique to show miscibility in a live reservoir crude
oil-gas system at reservoir temperature and varying pressures. Rao used different gas enrichment
levels to determine Minimum Miscibility Enrichment (MME). The composition of injectant gas
was successfully optimized for the miscibility by performing a VIT experiment at varying gas
compositions at an experimental pressure of 30 MPa and 60°C. These experiments were
performed on oil samples obtained from Rainbow Keg F Pool reservoir in Canada.
Rao and Lee (2000) performed the VIT experiments on Terra Nova Oil Samples. The reservoir
conditions of temperature and pressure were the same as described above. They compared the
results of Minimum Miscibility Composition (MMC) and MMP obtained from VIT experiments
with those of slim tube tests, and found a good match. In these experiments Rao and Lee used the
computerized axi-symmetric drop shape analysis technique to determine IFT. Rao and Lee
showed that an increase in composition of intermediate hydrocarbons in the oil decreases the
MMP. The MMPs calculated experimentally were within 5% of those observed visually in the
experimental cell. They proved that results obtained from the VIT technique were rapid,
reproducible and quantitative in addition to providing visual evidence of miscibility between
injected gas and live reservoir oil.
Ayirala and Rao (2003) put forth a comparative study of MMP measured using the VIT technique
with EOS calculations. For this purpose they used oil samples from Rainbow Keg River (RKR)
and Terra Nova reservoirs. PR-EOS within a commercial software package was used, and the
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effects of tuning and non-tuning the Equation of state on MMP calculations were examined. For
the two reservoir cases considered in this study, tuned PR-EOS yielded significant differences
between MMPs from EOS calculations and VIT measurements, while untuned PR-EOS yielded a
reasonable match with experiments. In the case of RKR crude oil, the untuned EOS predictions
were consistently higher by about 3.0-5.0 MPa than the experimental MMP from the VIT
technique. For Terra Nova crude oil, in three out of five cases studied, the visible MMPs from the
VIT experiments reasonably matched with untuned EOS calculations. Based on these
comparisons of VIT results with EOS predictions, Ayirala and Rao demonstrated that this new
technique of VIT is quite promising and reliable.
Rao and Ayirala (2004) applied the VIT technique as a part of Improved Oil Recovery (IOR)
using Gas Assisted Gravity Drainage (GAGD) as an alternative for Water Alternating Gas
(WAG) Injection Process. Process optimization was done by determining miscibility pressures
and compositions through the use of the VIT technique.
Yang and Gu (2004) used VIT to study interfacial interaction in the crude oil-CO 2 systems under
reservoir conditions. The experimental results were similar as described by Rao in his work. They
used the axi-symmetric drop shape analysis (ADSA) to measure the IFT and to visualize the
interfacial interactions between crude oil and CO 2 at high pressures and elevated temperatures. A
number of important physical phenomena were observed when the crude oil was contacted with
CO 2 , including the following: oil swelling, light-ends extraction, initial turbulent mixing, skin
layer, oil drop movement, wettability alteration, asphaltene precipitation, and bubbling at the
crude oil-CO 2 interface. In particular, the light-ends extraction, initial turbulent mixing and
wettability alteration are the major characteristics of CO 2 flooding processes. In addition, Yang
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and Gu anticipated that wettability alteration may have significant effects on the ultimate oil
recovery and CO 2 sequestration.
Ayirala and Rao (2006) investigated the applicability of the VIT technique to determine
miscibility and to measure dynamic gas-oil IFT using the capillary rise technique. Ayirala and
Rao performed experiments for two standard gas-oil phase systems of known phase behavior
characteristics (CO 2 -n-decane and 25 mole% methane + 30 mole% n-butane + 45 mole% ndecane with CO 2). Results obtained from the experiments were compared to those obtained from
slim tube tests. Their experiments further validated the VIT technique to measure gas-oil
miscibility using the capillary rise technique.
Orr Jr. and Jessen (2007) made an analysis of various crude-oil systems used in the past to
determine MMP and tried to simulate VIT experiments. They compared estimates obtained from
the calculation of MMPs using the VIT technique with those from solutions of the differential
Equations that describe the interactions of the flow and phase equilibria. They came to the
conclusion that results obtained from the VIT technique differed substantially from the MMP
observed in displacement experiments. According to Orr Jr. and Jessen, the uncertainty in the
VIT estimate of MMP arises from a fundamental limitation of the experiment in that VIT
investigates the mixture compositions which are linear combinations of the initial oil and
injection gas that are quite different from the critical mixture that forms at the MMP in a gas-oil
porous medium like slim tube test.
Sequeira and Rao (2008) further validated results obtained from Ayirala and Rao’s (2006)
experiments and extended the study for CO 2 -live oil reservoir systems. In their experiments
Sequeira and Rao made detailed compositional analysis and density measurements of vapor and
liquid phases to infer information on mass-transfer interactions and to determine the controlling
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mass transfer mechanism (vaporizing drive, condensing drive, or both) that govern the attainment
of miscibility. They further investigated the compositional dependence of MMP and provided
results based on varying gas-oil ratios (both molar and volumetric) in the feed mixture. Their
results further demonstrated the reproducibility of VIT experiments.

3.12. MMP Correlations
Ahmed (1988) briefly described various methods for determination of MMP. These methods
were primarily dependant on the molecular weight of C5 + , temperature, and the weightedcomposition parameter (based on partition coefficients of C 2 through C3 7 fractions). Some of the
correlations studied required only the input of reservoir temperature and the API gravity of the
fluid. Orr Jr. and Silva (1987b) showed that MMP changes as oil composition changes, and hence
oil composition should be taken into account while determining MMP. Alston et al. (1985)
proved that the presence of methane and nitrogen significantly increases the MMP. ANS oils
contain appreciable amount of methane, hence Alston’s correlation was used to compare the
results of experimental findings with the correlation findings. The various correlations for
CO 2 /crude-oil system are described below.
1. Newitt et al. Correlation (1996)

EVP = 14.7 exp[10.91------------------ 2 0 1 5 -------------- ] ............................................................... (3.4)
255.372 + .5556(T - 460)

where,
EVP = extrapolated vapor pressure in psi.

32
T = system temperature in °R
The values of EVP can be correlated to MMP for low-temperature reservoir (T<120 0F), using
CO 2 vapor pressure plots.
2. Yellig and Metcalfe Correlation (1980)

MMP = 1833.7217 + 2.2518055(T - 460) + 0.01800674(T - 460)2 103949.93
T - 460

(3.5)

where;
T = system temperature in °R.
Yellig and Metcalfe pointed out that, if the bubble-point pressure of the oil is greater than the
predicted MMP, then CO 2 MMP is set equal to the bubble-point pressure.
3. Alston et al. Correlation (1985)
Alston proved that presence of significant amount of methane and nitrogen in the crude oil
increases the MMP.

MMP = .000878(T - 460)L06(M Q+ )178
5+

0.136

—;„*

where,
T = system temperature in °R.
MC5+ = molecular weight of pentane and heavier fractions in the oil phase.
Xvol = mole fraction of volatile (C 1 and N2) oil components.

(3.6)
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Xint = mole fraction of intermediate oil components (C 2-C4, CO2, and H 2S).
Correlations for lean gas/crude-oil systems are shown below:
4. Firoozabadi and Aziz’s Correlation (1986)

I
(3.7)
F = ..........................................................................................................................................................
M , (T - 460)
( )
1 = X C2 - C 5 + X CO2 + X H 2S .............................................................................................................................................................................................(3.8)

where,
I = concentration of intermediates in the oil phase, mol%.
T = system temperature in °R.
MC7+ = molecular weight of heptane and heavier fractions in the oil phase.
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4. Experimental Apparatus and Procedures
4.1. Overview of Experiments Conducted
For the purpose of simulating the fluid-fluid interaction and measuring the physical properties of
the fluid phases, all the experiments were conducted at reservoir conditions using four different
representative heavy oil samples. The dead oil samples were recombined in the laboratory using
CP grade CH 4 , to transform them to represent live reservoir fluid. As described in Chapter 3,
CO 2 , CH 4 , and VRI were used as the injection gases. The exact location of the wells from which
the oil samples were obtained was unknown; hence an average reservoir temperature of 95°F was
used to perform the experiments. To investigate the compositional effects of IFT and miscibility
on a miscible gas/fluid system at varying pressures from 500 psig to 3,500 psig at reservoir
temperature of 95°F, the preliminary experimental tasks were performed:
1. Determination of density of the stock tank oil.
2. Preparation of live reservoir fluid (recombined fluid).
3. Determination of density of the recombined oil.
4. Measurement of MMP using VIT pendant drop experiments.
5. Prediction of MMP using EOS simulation by CMG WINPROP.
This chapter describes the detailed theory for each apparatus used, the experimental design and
procedure involved in the preparation of the recombined live reservoir fluid, and the IFT
measurements used to determine the MMP using the pendant drop technique for the miscible
injectant/crude oil system.
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4.2. Density Measurement of Stock Tank Oil (Alurkar, 2007)
The density of oil at stock tank conditions is required to calculate the plus fraction specific
gravity, an important parameter required to predict the critical properties of plus fraction, and to
check the consistency of compositional data. Also, as shown in Equation 3.1, density is required
to measure IFT.
The DMA 45 is designed to measure the density of samples at atmospheric pressure. The
instrument mainly consists of an Anton-Paar digital density meter DMA 45 and a circulating
constant temperature bath (Brookfield TC-500). This experimental setup is in conjunction with
the most current revision of ASTM D4052 (Density and Relative Density of Liquids by Digital
Density Meter) in analyzing density and relative density of petroleum distillates and viscous oils
by digital densitometer. The temperature inside the instrument is maintained through the
circulation of an ethylene glycol-water mixture. The density of liquids and gases is determined by
the density meter DMA 45, by measuring the period of oscillation electronically. The instrument
used from measurement of density is shown in the Figure 4.1. The experimental setup and
calibration of the instrument was described by Alurkar (2007).
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Figure 4.1: Anton Paar’s DMA 45 Densitometer for Measurement of Density

4.1.1. Experimental Procedure:
1. The temperature gauge was set at the required temperature. The Temperature was adjusted by
using the cooling or the heating button to decrease or increase the temperature.
2. The densitometer was calibrated for the test sample and the input values of ‘A ’ and ‘B ’ were
fed to the densitometer.
3. The apparatus was flushed with acetone to remove any traces of water present.
4. The apparatus was switched into density mode ‘p’, by turning the selector switch in
clockwise direction to the end. The selector switch is located on the top of the box.
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5. The fluid sample was then injected into the U-tube using the syringe, making sure that no air
bubbles were introduced with the fluid sample. Do not remove the syringe from the port after
injecting the sample.
6

. The U-tube was then filled with excess fluid, until fluid was seen in the exit tube.

7. The sample was allowed to equilibrate at test temperature and density values were read off
the digital display.
8

. The fluid sample was then flushed out of the U-tube using the reverse pump.

9. The apparatus was then cleaned with acetone and toluene before a new sample was
introduced.
10. Steps 1 to 9 were repeated each time a new sample was introduced.

4.3. Recombination of Stock-Tank Oil Using CP Grade Methane
Recombination of stock tank oil was necessary to simulate actual reservoir conditions. The oil at
stock tank conditions contained a negligible amount of gas. To simulate live oils, the gas needs to
be dissolved into dead oil at existing gas-oil ratio (GOR). Roper (1989), found that ANS live
heavy oils, when flashed at 65°F, yielded separator gas with 96.9 % and 98.3 % methane for
separator pressures of 114.7 psi and 314.7 psi, respectively. Hence, CP grade methane was used
as a recombination gas to mix with stock tank oils at reservoir conditions and at known GOR.
Experiments to quantify phase behavior of heavy oils were carried out on these recombined oils
by Alurkar (2007). The recombined oil parameters are shown in Table 4.1.
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Table 4.1: Summary of Recombination
Parameters
Gas oil ratio (GOR) SCF/STB
Bubble Point Pressure, psi
Reservoir Temperature, °F

ANS Viscous Oil Sample A
123
1395
95

ANS Viscous Oil Sample B
190
1786
95

Recombination was carried out in the following manner. In this procedure a known volume of
stock tank oil was transferred into a high pressure Temco Accumulator at atmospheric pressure
psi and 74°F. The amount to be charged was calculated by the following steps:
1. The units of GOR were converted from SCF/STB to (std.ft3 of gas)/(std.ft3 of oil).
2. Knowing the molecular weight and density of the stock tank oil at atmospheric psi and 74°F,
the moles of stock tank oil in place were calculated.
3. CP grade methane gas was then added to the known volume of stock tank oil.
4. The volume of recombination hydrocarbon gas (CP grade methane) to be added was
determined from the mole fraction of the gas (i.e., C1) present in the live oil, the
compressibility factor, the density and charge pressure of the gas, and the calculated moles of
stock tank oil in place at the start.
5. After addition of all the components, the recombined reservoir fluid was pressurized to a
pressure above the bubble point pressure of the reservoir. The cell was pressurized using an
ISCO-series pump and the temperature was maintained using silicon heat tapes controlled by
an external Rackmount Temperature controller.
6

. The cell was then put on a rocker as shown in Figure 4.2. The cell was rocked for about 5
days so that the oil and gas phases could equilibrate and a one-phase mixture could be
formed. The mixing was facilitated by the addition of a stainless steel ball inside the
accumulator.
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7. The bubble point of the recombined oil was measured by reducing the pressure and
measuring the volume change. The pressure at which there was a significant increase in
volume was determined to be the bubble point. The bubble point measured was found to be
approximately same to the ones described in Table 4.1. The results are shown in Table 5.3.

Figure 4.2: Rocker used for Recombining Stock-Tank Oil with CP Grade Methane.
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4.4. Density Measurement of Live Oil Sample (Alurkar, 2007)
The density of recombined oil samples was measured using the DMA 512P density measuring
cell. Densities of liquids and gases for pressure range for continuous operation is 0 to 10,000 psi,
and the temperature range of -10°C to 150°C, can be measure using the cell. When used for high
temperature, high-pressure measurements, the DMA 512P forms one part of the complete setup.
Evaluation unit mPDS1000 is a powerful processor and display unit connected to the DMA 512P
cell. The schematic diagram of live oil density measurement is shown in the Figure 4.3. The
experimental setup and working procedure was described by Alurkar (2007).

mPDS
Evaluation
Unit

White wire to negative terminal

Brown wire to positive terminal

d
Lem o plug

Figure 4.3: Live Oil Density Measurement Using DMA 512P Cell (Modified from Anton
Paar’s DMA 512P Manual, 1997)
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4.4.1. Operating Procedure (Alurkar, 2007):
1. Values of “A” and “B” at prevailing conditions, of pressure and temperature were plugged
into the memory of mPDS evaluation unit before measurement.
2. The mPDS evaluation unit was set to indicate density values in g/cc units. The density
readings were allowed to stabilize for about

10

minutes and the time average reading was

taken as final reading.

4.5. Measurement of MMP Using VIT Technique
4.5.1. Experimental Setup
In this study, the ADSA technique for pendant drop analysis was used to measure the dynamic
and equilibrium IFT between the oil/gas systems. Figure 4.4 shows the experimental setup of the
VIT apparatus and Figure 4.5 shows the inside of the optical cell. The IFT setup consists of a
high-pressure optical cell made of stainless steel manufactured by Temco, with glass sapphire
windows on the opposite side. The optical cell consists of a capillary tube (needle) at the top,
through which oil drops are allowed to hang within the surrounding gas phase. A fluid handling
system consisting of a piston pressure vessel and high-pressure pumps were used to achieve
elevated pressures. The glass windows allowed the capture of drop profile images by using a light
source on one side and a camera system on the opposite side. A CF memory flash card was used
to store the pictures recorded by the camera, which were later transferred to a computer for dropshape analysis.
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Figure 4.4: Experimental Setup of MMP Apparatus

Figure 4.5: Inside Optical Cell
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The components (letter codes) shown in Figure 4.4 are described as follows:
A. Optical Cell
The optical cell used in the setup is rated for use up to 5,000 psi at 300°F. The cell is made of
stainless steel and is manufactured by Temco. The cell was heated to the desired temperature
using metallic heating bands clamped to the outer periphery of the cell. The temperature was
controlled using a Temco temperature controller “C”, which sensed the temperature from
thermocouple “O”. The inside of the cell consists of an adjusTable stainless steel needle “S” with
an O.D. of 3 mm. The pressure inside the cell was maintained by the injection of pressurized
miscible gas, and was read from the digital Heise pressure gauge “K”.
B. Non-Return HIP Valve (Oil Inlet Valve)
The non return HIP valve is made of stainless steel and is capable of handling pressures up to
15,000 psi. The valve was connected to the needle “K”. The valve was instrumental in adjustment
of the flowrate of the oil droplets. The knob was precisely adjusted so that the desired shape of
the oil droplets could be formed in the optical cell “A”.
C. Temco Temperature Controller
The temperature controller was used to maintain a desired temperature inside the optical cell. The
thermocouple “O” was connected to the temperature controller for adjusting the temperature.
D. E, &N. Controller for ISCO D Series Pump “E”
The ISCO pump is a positive displacement pump used to maintain the pressure inside the oil and
gas accumulators. The pump is capable of delivering 3,750 psi and can handle 500 ml of water,
used for pressurizing. The controller was used on constant pressure mode to enable the pump to
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deliver the constant pressure required. The water used was de-ionized water, as per instructions
the manual which accompanied the pump.
F & M. Accumulators for holding oil and gas
The accumulators used were manufactured by Temco and are made of stainless steel. The
accumulators are capable of handling 10,000 psi, and contain a PVC piston which helps in
pressurizing the fluids contained inside them. The fluid to be pressurized was injected on top of
the piston, and the bottom part of the piston was pressurized by injecting water using the ISCO
pump. The accumulators were heated using silicon heat tapes which were controlled by
controllers “I” and “L”. The heating tapes were covered with cotton insulation to avoid heat loss.
G. Camera
A Canon EOS 10D camera was used to record the drop shape images inside the optical cell. The
camera was equipped with a high-power macro lens for photographing better pictures of the drop
shapes. The camera was operated on sports-sequence-photography mode so that images of the
drop trajectory could be effectively captured.
H, I, & L. Temperature Controllers
Glass-col temperature controllers were used to maintain the temperatures inside the accumulators
and the tubings. The temperature in the accumulators and tubings was read off the Fluke
thermometer “J”. Thermocouples were placed inside the accumulators and on the side of the
tubings. The other end of these thermocouples was then connected to the thermometer “J” which
helped in determining and thus enabling the control of the desired temperature.

45
J. Fluke Thermometer
The Fluke thermometer has multiple inlet ports into which the thermocouples can be plugged.
The thermometer has a digital display and temperatures can be read in °C or °K.
K. Heise Pressure Gauge
The Heise pressure gauge has dual input ports for determining pressures of two points. The gauge
is capable of handling pressures from the range of 0-5,000 psi. The digital display screen on the
gauge makes it easy to read correct pressure inside the optical cell.
P. Gas Inlet Valve
Swagelok high-pressure valves were fixed to the optical cell to enable a gas inlet into the cell.
The valves were capable of handling pressures of up to 5,000 psi.
R. Drain/Vacuum Port
The drain/vacuum port was connected to the following:
1. A Welch duo-seal vacuum pump at the start of the experiment to remove traces of air present
in the entire setup.
2. A conical flask to collect the oil/gas mixture after the experiment was over.
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4.5.2. Calibration of the Experimental Setup
The cell was calibrated using water and nitrogen. The surface tension of water with nitrogen at
atmospheric pressure is known to be 72 dynes/cm. Hence, this system was selected.
1. The setup was vacuumed using a Welch duo-seal vacuum pump to remove any impurities.
2. Nitrogen was injected into the optical cell from the gas cylinder at 15 psi pressure.
3. Water was then injected through the needle at a pressure of 20 psi. A higher pressure was
selected so that water droplets could be introduced into the cell by gravity force.
4. The shape of the droplets was recorded using the camera.
5. The density of the nitrogen and water mixture was simulated using CMG’s WINPROP
software.
6

. The shapes of drops recorded earlier were analyzed for drop shape factor values and
substituted in Equation 3.1.

7. The value thus obtained was compared to the value of surface tension obtained from
literature.
8

. Steps 1 through 7 were repeated for different pressures. The value of surface tension was
found to be 73.2 dynes/cm at 200 psi which match closely with those reported in the
literature.
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4.5.3. Experimental Procedure
A detailed schematic of the MMP setup is shown in Figure 4.6.

Figure 4.6: Schematic of MMP Setup
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The experimental procedure is described as follows:
1. The optical cell was pressurized by using de-ionized water up to a pressure of 3,750 psi and
was checked for leaks.
2. The cell was then cleaned using toluene and acetone, and the cell was purged with nitrogen to
remove any traces of acetone present. The rubber O-rings were changed and connections
were properly fastened to prevent leaks and subsequent pressure drops. The setup was
connected as shown in the schematic diagram (Figure 4.6).
3. All the valves were first kept in closed position.
4. The valves at the bottom of the accumulators connected to the ISCO pumps were opened, and
the pumps were kept running at the desired pressure of operation.
5. All the valves, except V5 and V 6 , were then opened.
6

. The drain/vacuum line was then connected to the Welch duo-seal vacuum pump to remove
any traces of acetone or air present in the setup. The pump was kept running until the reading
in the Heise pressure gauge showed absolute vacuum.

7. All the valves were then closed and, using temperature controllers, the temperature in the
entire setup was brought to 95°F. The controllers were left running for about 6 hours to
ensure constant temperature throughout the setup.
8

. Valve V5 was then slowly opened, and the gas was allowed to come out at constant pressure
and temperature. The temperature and pressure of the gas were read from
pressure/temperature indicator 2 .

9. Similarly, valve V 6 was slowly opened, and the oil was allowed to come out at constant
pressure and temperature. The valves on the oil were opened very slowly so as to avoid
flashing of oil. The temperature and pressure of the oil were read from pressure/temperature
indicator 3.
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10. Valve V1 was carefully opened, and a few drops of oil were allowed to enter the optical cell.
11. Valve V1 was closed immediately once a few drops had been collected in the cell.
12. Valve V3 was then opened and gas at a selected pressure was allowed to enter the optical
cell. The gas pressure was maintained slightly lower than the oil pressure so that the gas did
not push the oil back.
13. Valve V4 was then opened to measure the temperature and pressure in the optical cell using
pressure/temperature indicator 1. Valve V3 was then closed.
14. Valve V1 was slowly opened and pendant drops were allowed to form in the optical cell at a
slow flowrate. The image of the first pendant drop of crude oil at the tip of the needle in the
optical cell was captured as soon as it contacted the gas phase through the digital camera
source. Valve V1 was closed once a few drops entered into the optical cell. The drop shape
factors were measured and, using intial densities, the First contact miscibility was
determined.
15. The fluids were allowed to equilibrate for about 2 hours at the experimental conditions. A
pendant drop of the recombined reservoir fluid was allowed to form at the tip of the needle in
the optical cell in the gas phase that had already interacted with the oil residing at the bottom
of the cell. This image was captured, and the drop shape analysis was done. The density was
determined by using CMG WINPROP software, and the IFT was calculated using Equation
(3.1).
16. The same procedure was repeated for about 8-10 pendant oil drops.
17. The pressure of the oil and gas was increased using the ISCO pump and Steps 12 to 17 were
repeated.
18. The runs were carried out at different pressures up to 3,750 psi, which was the maximum
pressure up to which the pumps could be operated.
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19. After each run the drain/vacuum valve was carefully opened, and the sample was allowed to
flash in a conical flask.
20. The setup was then cleaned using alternate runs toluene and acetone, and later purged with
nitrogen. The O-rings were then replaced in the optical cell and connections were fastened.
The entire assembly was vacuumed to remove any traces of air or nitrogen present.
21. All the above steps were repeated for different gas-oil sample runs.

4.6. Calculation of MMP
A plot was generated between IFT versus corresponding pressure, using the values calculated by
Equation (3.1). The values of IFT were determined with considerable accuracy up to 4 dynes/cm.
The values of IFT where drop shape factor equaled “ 1” was used as the starting point for
extrapolation to “zero” dyne/cm. The plot was then extrapolated to “zero” IFT and the
corresponding pressure was determined as the MMP. To determine the accurateness of the
method, the experiments were repeated and MMP was calculated. The results were found to be in
close agreement, thus validating the method.

4.7. Prediction of MMP using EOS simulation
The values of the experimental observations were compared with those obtained using CMG
WINPROP to determine the validity of the experiments. As previously described, it is important
to tune the EOS parameters to minimize errors between experimental values and the values
calculated using EOS Equations. The Peng-Robinson (1978) Equation was used for EOS
calculations. The saturation pressure of the oil sample was used as the weighted parameter for
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tuning the EOS. The EOS Equations are usually tuned by altering the values of the plus fraction
component. The PR Equation was tuned to the saturation pressure using the following parameters
in the steps described as follows:

4.7.1. Tuning of EOS Equations
1. The molecular weight of the plus fraction component.
2. The specific gravity of the plus fraction component.
3. The critical temperature “Tc” of the plus fraction component.
4. The critical pressure “Pc” of the plus fraction component.
5. The acentric factor “q ” of the plus fraction component.
6

. The binary interaction coefficient “KiJ” between methane and the plus factor component.

7. Volume shift parameter “S” of the plus fraction component.
8

. EOS parameter “Qb” of the plus fraction component.

9. Each of the above-mentioned parameters was first altered, and then its effect on the saturation
pressure was seen. The parameters are described in the increasing order o f complexity caused
while using them to tune the EOS.

4.7.2. MMP Simulation Procedure
1. The components present in the oil and gas were selected using CMG WINPROP.
2. The compositions of the selected components were then defined.
3. The initial saturation pressure at the reservoir temperature of 95°F was determined using the
“SAT PRESS” function on the WINPROP command tab.
4. The EOS was then tuned to predict a value closer to the saturation pressure.
5. The “MCM” function on the WINPROP command tab was then used to determine the MMP.
6

. Steps 1 through 5 were repeated to determine MMP for different gas/oil systems.
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5. Results and Discussions
The compositional analysis of stock oil and recombined oil were determined by Alurkar (2007).
As the same oil samples were used for VIT experiments, the results obtained from Alurkar’s
(2007) chromatographic experiments are used. The oil compositions for stock tank oil samples A
and B are shown in Table 5.1, and those for the recombined oil samples A and B are shown in
Table 5.2.
Table 5.1: Composition of Stock Tank Oil, Samples A and B
Composition Sample A
C8
C9
C 10
C 11
C 12
C 13
C 14
C 15
C 16
C 17
C 18+

Mole %
2.1957
7.3890
5.7203
5.6118
8.1973
8.4061
9.4971
8.4915
4.5385
6.7033
33.248

Composition Sample B
C6
C7
C8
C9
C 10
C 11
C 12
C 13
C 14
C 15
C 16+

Mole %
10.866

1.7784
0.4880
1.9464
2.7625
3.9959
4.3670
7.8630
6.3589
7.8956
51.688
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Table 5.2: Composition of Recombined Oil, Samples A and B.
Composition Sample A
CO2
N2
C1
C2
C3
C4
C8
C9
C 10
C 11
C 12
C 13
C 14
C 15
C 16
C 17
C 18+

Mole %
0.00229
0.09173
22.7938
0.01376
0.01376
0.00229
1.69248
5.69580
4.40944
4.32582
6.31872
6.47970
7.32070
6.54554
3.49845
5.16712
25.6286

Composition Sample B
CO2
N2
C1
C2
C3
C4
C6
C7
C8
C9
C 10
C 11
C 12
C 13
C 14
C 15
C 16+

Mole %
0.003483
0.013933
34.62326
0.02090
0.02090
0.00348
7.21448
1.16109
0.31915
1.27082
1.80359
2.60887
2.85121
5.01616
4.15167
5.15493
33.7566

5.1. Measurement of Bubble Point
The bubble point of recombined oil samples was measured at 95°F, as described in Section 4.3.
The values obtained were in agreement with those reported by Alurkar (2007).
Table 5.3: Bubble Point Measurements for Recombined Oil Samples A and B
Parameters
Bubble Point Pressure, psi
Reservoir Temperature, °F

ANS Oil Sample A
1400
95

ANS Oil Sample B
1800
95
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5.2. Density Measurements
The stock tank oil density was measured at 60°F and 15 psi, and the values are shown in Table
5.4.
Table 5.4: Density Measurements for Stock Tank Oil Samples A and B
Stock Tank Oil Sample
Sample A
Sample B

Density g/cc
0.9458
0.9491

The results calculated for recombined oil sample A are presented in Table 5.5, and those for
recombined oil sample B are shown in Table 5.6. The experiments were performed at 95°F.
Table 5.5: Density Measurements for Recombined Oil Sample A
Pressure, psi
1400
1500
1600
1700
1800
1900
2000

Density, g/cc
0.9311
0.9315
0.9318
0.9322
0.9329
0.9334
0.9340
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Table 5.6: Density M easurements for Recombined Oil Sample B
Pressure, psi
1750
1800
1900
2000
2 10 0
2200

2300

Density, g/cc
0.9375
0.9379
0.9383
0.9387
0.9391
0.9396
0.9401

5.3. MMP Measurements at 95°F
5.3.1. MMP Calculations by IFT Measurements (Pendant Drop Experiments)
MMP was measured by pendant drop analysis of gas-oil interfacial tension (IFT) measurements
using Equation (3.1). The experimental setup was calibrated using water and nitrogen system at
200 psi and 95°F. Figure 5.1 shows the pendant drop of water in contact with nitrogen. The value
of surface tension measured at this pressure was 73.2 dynes/cm.

Figure 5.1: Measurement of Surface Tension of Water in Contact with Nitrogen
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The experimental densities measured were used to tune the parameters in CMG WINPROP’s two
phase flash simulations. Using the two phase flash calculations, densities were determined at
different pressures of oil-gas interactions. The volume of the cell with respect to the volume of
drop was determined, and the experiments were performed with a constant gas-oil molar ratio o f
“Rm= 0.7/0.3”. The changes in drop shape for CO2-dead oil Sample A system is shown in Figure
5.2. The changes in drop shape profiles for other gas-oil systems are reported in Appendix B.
As seen in Figure 5.2, it was difficult to measure the drop shape factor at higher pressures. The
measurement of “S” values at higher pressures was difficult because, the Niederhauser and
Bartell (1947) tables report values only up to drop shape factor ratio of ‘1’. Hence, in all the cases
the values of IFT where drop shape factor equaled “ 1” were used to extrapolate to “zero”
dyne/cm. The pressure corresponding to extrapolated “zero” IFT was termed as Minimum
Miscibility Pressure (MMP).
The composition at each step was determined using two phase flash calculations. The values of
IFT measurements and equilibrated phase composition for different gas-oil samples are shown in
the following Tables 5.7-5.30. The extrapolated graph for MMP calculations are shown in the
Figures 5.3-5.14.
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Figure 5.2: CO2-Dead Oil Sample A, Drop Shape Analysis
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Table 5.7: IFT M easurements for CO2-Dead Oil Sample A
P, psi
700
800
900
1000
1100
1200
1300
1400
1500
1600

o, dyne/cm
12.864
12.248
11.426
10.884
9.7785
8.7648
6.7309
5.9667
4.9473
4.2216

Ap (density difference), g/cc
0.7803
0.7514
0.7224
0.6823
0.6174
0.5788
0.2927
0.2438
0.1996
0.1748

Table 5.8: Equilibrium Composition of CO2-Dead Oil Sample A at MMP
Components
CO2
C8
C9
C 10
C 11
C 12
C 13
C 14
C 15
C 16
C 17
C 18+

Mole % at MMP
70.0028
0.65871
2.21670
1.71609
1.68356
2.45919
2.52183
2.84913
2.54745
1.36155
2.01099
9.97440
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Figure 5.3: MMP Measurement for CO2-Dead Oil Sample A

Figure 5.4: MMP M easurement for CH4-Dead Oil Sample A
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Table 5.9: IFT M easurements for CH4-Dead Oil Sample A
P, psi
1000
1200

1400
1500
1700
1900
2 10 0

2300
2500
2700
3000
3300
3500
3600

o, dynes/cm
19.9234
18.8902
18.2434
17.8845
17.0010
16.6255
15.9730
14.9882
14.2724
13.5135
12.7830
11.8256
11.0823
10.6769

Ap, g/cc
0.8290
0.8117
0.8022
0.7939
0.7866
0.7672
0.7542
0.7397
0.7249
0.7101
0.6931
0.6792
0.6635
0.6541

Table 5.10: Equilibrium Composition of CH4-Dead Oil Sample A at MMP
Components
C1
C8
C9
C 10
C 11
C 12
C 13
C 14
C 15
C 16
C 17
C 18+

Mole % at MMP
69.9921
0.65871
2.21670
1.71609
1.68356
2.45919
2.52183
2.84913
2.54745
1.36155
2.01099
9.97440
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Table 5.11: IFT M easurements for VRI-Dead Oil Sample A
P, psi
1000
1200
1300
1400
1500
1600
1700
2000
2100
2200

o, dynes/cm
15.821
14.232
13.003
11.976
10.802
9.9992
8.8923
6.4111
5.3846
4.4253

Ap, g/cc
0.8020
0.7821
0.7747
0.7671
0.7582
0.7466
0.7382
0.7037
0.6924
0.6890

Table 5.12: Equilibrium Composition of VRI-Dead Oil Sample A at MMP

O
O

Components
C1
C2
C3
C4
C5
C6
C7
C8
C9
C 10
C 11
C 12
C 13
C 14
C 15
C 16
C 17
C 18+

Mole % at MMP
0.8379
54.880
6.2328
4.1433
2.9393
0.7903
0.1509
0.0287
0.6587
2.2167
1.7160
1.6835
2.4591
2.5218
2.8491
2.5474
1.3615
2.0109
9.9744
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Figure 5.5: MMP Measurement for VRI-Dead Oil Sample A

Figure 5.6: MMP M easurement for CO2-Dead Oil Sample B
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Table 5.13: IFT M easurements for CO2-Dead Oil Sample B
P, psi
700
800
900
1000
110 0
1200

1300
1400
1500
1600
1700

o, dyne/cm
13.723
13.148
12.623
11.724
10.821
9.7623
7.6333
6.8671
5.8481
5.2164
4.5723

Ap, g/cc
0.8213
0.7922
0.7612
0.7241
0.6514
0.6167
0.3381
0.2840
0.2337
0.2161
0.1933

Table 5.14: Equilibrium Composition of CO2-Dead Oil Sample B at MMP
Components
CO2
C6
C7
C8
C9
C 10
C 11
C 12
C 13
C 14
C 15
C 16+

Mole % at MMP
69.459
3.2598
0.5335
0.1464
0.5839
0.8287
1.1987
1.3101
2.3589
1.9076
2.3686
15.506
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Table 5.15: IFT M easurements for CH 4 -Dead Oil Sample B
P, psi
1000
1200

1400
1500
1700
2000
2200

2400
2500
2600
2800
3000
3300
3600

o, dynes/cm
20.5530
19.8167
18.9020
18.1134
17.6845
16.2955
15.6255
15.0973
14.9823
14.4724
13.7135
13.2783
12.7256
11.6823

Ap, g/cc
0.8650
0.8477
0.8382
0.8299
0.8226
0.8032
0.7902
0.7757
0.7609
0.7461
0.7291
0.7152
0.6995
0.6901

Table 5.16: Equilibrium Composition of CH4-Dead Oil Sample B at MMP
Components
C1
C6
C7
C8
C9
C 10
C 11
C 12
C 13
C 14
C 15
C 16+

Mole % at MMP
70.001
3.2598
0.5335
0.1464
0.5839
0.8287
1.1987
1.3101
2.3589
1.9076
2.3686
15.506
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Figure 5.7: MMP Measurement for CH4-Dead Oil Sample B

Figure 5.8: MMP Measurement for VRI-Dead Oil Sample B
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Table 5.17: IFT M easurements for VRI-Dead Oil Sample B
P, psi
1000
1200
1300
1400
1500
1600
1700
2000
2100
2200

o, dynes/cm
16.144
15.134
14.143
12.792
11.763
10.233
9.4240
7.0942
6.0985
5.0986

Ap, g/cc
0.8380
0.8181
0.8107
0.8031
0.7942
0.7826
0.7742
0.7397
0.7284
0.7250

Table 5.18: Equilibrium Composition of VRI-Dead Oil Sample B at MMP

O
O

Components
C1
C2
C3
C4
C5
C6
C7
C8
C9
C 10
C 11
C 12
C 13
C 14
C 15
C 16+

Mole % at MMP
0.8379
54.880
6.2328
4.1433
2.9393
0.7903
3.4108
0.5622
0.1464
0.5839
0.8287
1.1987
1.3101
2.3589
1.9076
2.3686
15.506
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Table 5.19: IFT M easurements for CO2-Live Oil Sample A
P, psi
1400
1500
1600
1700
1750
1800
1850
1900
1950

o, dynes/cm
9.0112
8.5785
7.6309
7.0018
6.724
6.022

5.755
5.152
4.627

Ap, g/cc
0.4464
0.3634
0.3092
0.2706
0.2653
0.2406
0.2343
0.2161
0.1992

Table 5.20: Equilibrium Composition of CO2-Live Oil Sample A at MMP
Components
CO2
N2
C1
C2
C3
C4
C8
C9
C 10
C 11
C 12
C 13
C 14
C 15
C 16
C 17
C 18+

Mole % at MMP
70.0006
0.02751
6.83814
0.00412
0.00412
0.00068
0.50774
1.70874
1.32283
1.29774
1.89561
1.94391
2.19621
1.96366
1.04953
1.55013
7.68858
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Figure 5.9: MMP Measurement for CO2-Live Oil Sample A

Figure 5.10: MMP M easurement for CH4-Live Oil Sample A
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Table 5.21: IFT M easurements for CH4-Live Oil Sample A
P, psi
1550
1700
2000

2300
2500
2800
3000
3300
3600

o, dynes/cm
18.1134
17.6845
16.2955
14.8255
14.2973
13.8230
13.1724
12.2135
11.2783

Ap, g/cc
0.7859
0.7672
0.7242
0.6997
0.6740
0.6371
0.6138
0.5897
0.5551

Table 5.22: Equilibrium Composition of CH 4-Live Oil Sample A at MMP
Components
CO2
N2
C1
C2
C3
C4
C8
C9
C 10
C 11
C 12
C 13
C 14
C 15
C 16
C 17
C 18+

% Mole at MMP
0.000687
0.027519
76.83814
0.004128
0.004128
0.000687
0.507744
1.708740
1.322832
1.297746
1.895616
1.943910
2.196210
1.963662
1.049535
1.550136
7.688583

70
Table 5.23: IFT M easurements for VRI-Live Oil Sample A
P, psi
1550
1700
1850
2000

2150
2300
2450
2600

o, dynes/cm
11.676
10.445
9.2692
8.4479
7.2529
6.4923
5.3111
4.2319

Ap, g/cc
0.7460
0.7314
0.7162
0.7022
0.6877
0.6732
0.6593
0.6454

Table 5.24: Equilibrium Composition of VRI-Live Oil Sample A at MMP
Components
CO2
N2
C1
C2
C3
C4
C5
C6
C7
C8
C9
C 10
C 11
C 12
C 13
C 14
C 15
C 16
C 17
C 18+

Mole % at MMP
0.84477
0.02751
61.7181
6.23692
4.14742
2.93998
0.79030
0.15099
0.02877
0.50774
1.70874
1.32283
1.29774
1.89561
1.94391
2.19621
1.96366
1.04953
1.55013
7.68858
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Figure 5.11: MMP Measurement for VRI-Live Oil Sample A

Figure 5.12: MMP M easurement for CO 2 -Live Oil Sample B
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Table 5.25: IFT M easurements for CO 2 -Live Oil Sample B
P, psi
1800
1850
1900
1950
2000

o, dynes/cm
6.941
6.2282
5.8736
5.415
4.963

Ap, g/cc
0.2530
0.2390
0.2257
0.2133
0.2020

Table 5.26: Equilibrium Composition of CO 2-Live Oil Sample B at MMP
Components
CO2
N2
C1
C2
C3
C4
C6
C7
C8
C9
C 10
C 11
C 12
C 13
C 14
C 15
C 16+

Mole % at MMP
70.0010
0.00418
10.3869
0.00627
0.00627
0.00104
2.16434
0.34832
0.09574
0.38124
0.54107
0.78266
0.85536
1.50484
1.24550
1.54647
10.1269
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Table 5.27: IFT M easurements for CH 4 -Live Oil Sample B
P, psi
1800
2000

2300
2500
2800
3000
3300
3600

o, dynes/cm
17.8845
17.0010
16.6255
15.9730
14.9882
14.2724
13.2513
11.7830

Ap, g/cc
0.6752
0.6322
0.6077
0.5820
0.5451
0.5218
0.4977
0.4631

Table 5.28: Equilibrium Composition of CH 4-Live Oil Sample B at MMP
Components
CO2
N2
C1
C2
C3
C4
C6
C7
C8
C9
C 10
C 11
C 12
C 13
C 14
C 15
C 16+

Mole %
0.00104
0.00418
65.2670
6.23907
4.14957
2.34034
2.31533
0.37709
0.09574
0.38124
0.54107
0.78266
0.85536
1.50484
1.24550
1.54647
10.1269
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Figure 5.13: MMP Measurement for CH4-Live Oil Sample B

Figure 5.14: MMP M easurement for VRI-Live Oil Sample B
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Table 5.29: IFT M easurements for VRI-Live Oil Sample B
P, psi
1800
2000

2300
2500
2800
3000

o, dynes/cm
12.2764
10.9452
8.6692
7.3923
5.6111
4.2428

Ap, g/cc
0.7124
0.6918
0.6687
0.6472
0.6211
0.6018

Table 5.30: Equilibrium Composition of VRI-Live Oil Sample B at MMP
Components
CO2
N2
C1
C2
C3
C4
C5
C6
C7
C8
C9
C 10
C 11
C 12
C 13
C 14
C 15
C 16+

Mole % at MMP
0.84138
0.02751
61.7181
6.23692
4.14742
2.93998
0.79030
0.15099
0.02877
0.09574
0.38124
0.54107
0.78266
0.85536
1.50484
1.24550
1.54647
10.1269
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5.3.2. Reproducibility of Experimental Results
VIT experimental runs were performed on the CO2-live oil sample A system. These experiments
were conducted to demonstrate the reproducibility of the results shown above. The experiments
were performed in a similar way as described in Section 4.5.3. The results are shown in Figure
5.15, and as seen the MMPs measured, for the same gas-oil system, were found to be almost the
same with a percentage error of less than 1 %.

Figure 5.15: Comparison of MMP for Two Different Runs (CO2-Live Oil Sample A)
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5.3.3. MMP Calculations by EOS and by Using Correlations
As described in Section 4.7, the Peng-Robinson (1978) EOS was used to perform numerical
calculations to determine MMP. CMG WINRPOP’s MCM simulator was used to perform these
calculations. The EOS was tuned by the procedure mentioned in Section 4.7.1. The VIT
technique involved contact of fresh reservoir oil with pre-equilibrated CO 2 gas by placing a small
amount of oil at the bottom of the optical cell. This process simulated a dynamic (multiplecontact) displacement process occurring in the reservoir, where the injected gas interacts with
reservoir oil as it moves ahead in the reservoir, and gradually there is an alteration in composition
due to mass transfer between fluid phases so as to become miscible with the original oil. The
definition of multiple contact is an approximation which serves well to explain the “continuous
interaction” that actually occurs in the reservoir. It is an approximation because an infinite
number of such contacts between phases will be required in order to truly approach the result of
their continuous interaction.
Since the IFT measurements were made using the pendant drop technique after complete
equilibrium and stabilization of the mass transfer between the fluid phases, it was concluded that
the terms “Equilibrium IFT” and “Equilibrium Miscibility” are appropriate to use for this type of
an experimental study. Equilibrium IFT typically simulates a real reservoir where the injected
CO 2 gas interacts continuously with crude oil as it flows to the producing well. This continuous
interaction enables counter-directional mass transfer (vaporizing and condensing) between the
fluid phases, thereby allowing the system to attain equilibrium miscibility. The simulations
performed using a MCM simulator helped in determining the dominant mass transfer process. It
was seen that in the case of CO 2 , the mass transfer occurred by condensing drive, while
condensing-vaporizing drive and vaporizing drive were dominant for VRI and CH 4 injections,
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respectively. The percent deviation between MMP calculated by pendant drop experiments and
those obtained from MCM simulations was about 4.86 %. The results are shown in Table 5.31.
Table 5.31: Comparison of MMP Calculations
Oil Sample
Sample A Dead Oil
Sample B Dead Oil
Sample A Live Oil
Sample B Live Oil

CO2 MMP
Expt. Simulated
2150
2178
2215
2243
2478
2505
2586
2625

CH4 MMP
Expt.
Simulated
6432
6450
6618
6645
6652
6690
6988
7013

VRI MMP
Expt. Simulated
2725
2754
2884
2900
3206
3215
3550
3577

MMP was calculated using various correlations described in Section 3.12. It should be noted that
Equations (3.4) and (3.5) only considers “temperature” as a parameter for MMP calculations, and
hence the results were found to be the same for different CO 2 -oil systems at the same
temperature. An important assumption while using Equations (3.4) and (3.5) is that, for reservoirs
below 120°F, the bubble point pressure should be considered as MMP. The values obtained by
Equation (3.6) were based on temperature and composition of the plus fraction along with
composition of methane in oil phase. It should be noted that these correlations were developed for
different sets of oil samples which are comparatively different from oil samples used here.
Therefore, the values of MMP using correlations only serve as a base and should not be used for
comparisons. The values obtained by MMP correlations are reported in Table 5.32.
Table 5.32: MMP Calculations by Correlations
Oil Sample
Sample A Dead Oil
Sample B Dead Oil
Sample A Live Oil
Sample B Live Oil

Equation 3.4
1164
1164
1400
1800

CO2 MMP
Equation 3.5
1276
1276
1400
1800

Equation 3.6
2411
2623
2843
3013

CH4 MMP
Equation 3.7
6624
6815
7125
7298
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A comparison between MMP calculated by simulations and experiments and those by using
correlations are shown in Figures 5.16, 5.17 and 5.18, respectively. Note that for calculating
values of CO2-oil systems, only Equation 3.6 was used.

Figure 5.16: CO2-Oil Samples MMP Variations
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Figure 5.17: CH4-Oil Samples MMP Variations.

Figure 5.18: VRI-Oil Samples M MP Variations.
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5.4 Discussions of Results
VIT technique provides an accurate platform for measurement of MMP. As seen from the Figures
and tables above, the MMP values for CO 2 -oil systems were found to be less as compared to
other systems. This can be explained due to the viscosity reduction and oil swelling properties of
CO 2 , and also the fact that the two-phase envelope for CO 2 -oil systems is smaller as compared to
other systems. The equilibration time allowed for the development of multi-contact miscibility to
occur and thus resulted in better displacement efficiency. The multiple contact mechanism leads
to the enrichment of reservoir oil with intermediate molecular weight hydrocarbons until it
becomes miscible with the injected gas. The mole % and composition tables were generated using
CMG WINPROP’s and provided the basis for determination of the drive mechanism required for
the attainment of miscibility. WINPROP measurements were seen to be affected when the density
inversion occurred and resulted in difficulty to generate ternary phase diagram.
Forward contact miscibility was seen as the major drive mechanism in generating miscibility of
the oil-gas systems. Vaporizing condensing drive mechanism for achievement of miscibility was
observed in the experiments with VRI. In the case of VRI injections, light intermediates
condensed from the fresh injection gas into the oil, thus making the oil lighter. During the same
time, middle intermediates from the oil were stripped by the injection gas.
From Figures 5.16, 5.17 and 5.18 it was seen that MMP increases from dead oil sample A to live
oil sample B. The excessive presence of higher carbon number hydrocarbons in sample B causes
the increase in MMP as compared to sample A. As seen from Equation (3.6), the presence of CH 4
in significant amounts increases the MMP. Also, the two-phase region for live oil occupies more
area than that for dead oil. Hence, MMP for live oil samples was found to be greater than those of

82
live oil samples. Moreover, the GOR in case of live oil B was higher than that of live oil A which
results in more amount of methane and thus raising the MMP.
The simulations were performed by tuning the PR-EOS to determine the saturation pressure of
live oil sample A and sample B. Once the accurateness of the Equations was confirmed, using
CMG’s WINPROP, simulations were performed to measure the MMPs analytically.
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6. Conclusions and Recommendations
6.1. Conclusions
An experimental study was performed to measure gas-oil IFT at varying pressures at
representative reservoir temperature using pendant drop technique. Experiments using CO2, CH 4
and VRI, injectant gases, and four different ANS heavy oil samples were conducted using a highpressure high-temperature optical cell. In these experiments, the effects of the gas-oil ratio and
mass transfer on various fluid properties such as compositions, density, and interfacial tension
were studied. The gas-oil IFT measured was used to determine MMP using the VIT technique.
MMP, an important optimization parameter for Miscible Gas Injection EOR, was successfully
determined using pendant drop method. Forward contact drive was identified as the governing
route for mass transfer development of multi-contact miscibility. These results were obtained
using CMG WINPROP’s MCM simulator. The results generated were reproducible, and that
proved the validity of the experiments. The following conclusions have been established on the
basis of the above findings:
1. The experimental procedure used to measure IFT closely matches the continuous interactions
between the injected gas and crude oil occurring in the reservoir. The equilibrium time
allowed in the VIT technique simulates the gas and reservoir oil to continuously interact and
attain equilibrium.
2. The optical cell provides an advantage for measurement of miscibility as compared to slimtube tests. Attainment of miscibility can be seen through the optical cell, thus providing
another basis for validation of results.
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3. The amount of components extracted by the injection gases from the reservoir oils depends
on the volumetric ratio between the oil and the gas. Results obtained from MCM simulations
showed that MMP was lower for higher injection gas to reservoir oil ratios.
4. The PR-EOS was successfully tuned to experimental data from IFT measurements. A
satisfactory match was obtained with PR-EOS for experimental saturation pressure, gas oil
ratio, liquid density, and MMP.
5. The correlations used to measure MMP were based on parameters, components which may or
may not be present in the gas-oil systems used in this work. Hence, there was a vast deviation
between experimental results and those obtained by correlations.
6

. The MMP measurements obtained by MCM simulations prove that the results obtained by the
pendant drop technique are accurate and reliable. These results thus show that the VIT
technique is a fast and cost-effective method for measuring gas-oil IFT, requiring small gas
and oil samples.

7. The VIT method is not applicable for measurement of very low IFT values. As miscibility or
the critical point between fluid-fluid phases is approached, due to rapid diffusion of drops
into the surrounding gas, it is difficult to measure the drop shape factor accurately.
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6.2 Recommendations
1. The VIT test used in this research is qualitative in nature, as miscibility is inferred from
visual observations. Hence, some subjectivity is associated with the miscibility interpretation
of this technique. To account for uniformity in drop shape measurements, a high resolution
axi-symmetric drop shape analysis (ADSA) system should be incorporated in the
experiments. The use of a digital logging source will nullify the human error in calculation of
the drop shape factor.
2. The VIT method is not applicable for measurement of very low tension values. Hence, the
capillary rise technique should be used to determine low interfacial tension. A capillary tube
of smaller inner diameter can be used for accurate measurement of drop shapes at lower
values of interfacial tension.
3. The effect of different GOR and mass transfer mechanisms on VIT measurements should be
performed. For these studies, reservoir oil samples with significant amounts of light
molecular weight hydrocarbon components such as, ethane to pentane, should be analyzed.
4. For a better understanding of composition effects on MMP, Minimum Miscibility Enrichment
(MME) experiments should be conducted. The effects of change in concentrations of lean
gases and intermediates should be analyzed to propose an optimum Miscible Injectant for
EOR.
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APPENDIX A
Niederhauser and Bartell Table:
Table A1: Niederhauser and Bartell (1947) Table for Determination of Drop Shape Factor.
S
0.67
0.68
0.69
0.7
0.71
0.72
0.73
0.74
0.75
0.76
0.77
0.78
0.79
0.8
0.81
0.82
0.83
0.84
0.85
0.86
0.87
0.88
0.89
0.9
0.91
0.92
0.93
0.94
0.95
0.96
0.97
0.98
0.99
1

2

3

4

5

6

7

8

9

0 .9 0 1 7 4

0

0 .8 9 8 2 2

1

0 .8 9 4 7 1

0 .8 9 1 2 2

0 .8 8 7 7 5

0 .8 8 4 3

0 .8 8 0 8 7

0 .8 7 7 4 6

0 .8 7 4 0 7

0 .8 7 0 6 9

0 .8 6 7 3 3

0 .8 6 3 9 9

0 .8 6 0 6 7

0 .8 5 7 3 6

0 .8 5 4 0 7

0 .8 5 0 8

0 .8 4 7 5 5

0 .8 4 4 3 1

0 .8 4 1 1

0 .8 3 7 9
0 .8 0 6 7 7

0 .8 3 4 7 1

0 .8 3 1 5 4

0 .8 2 8 3 9

0 .8 2 5 2 5

0 .8 2 2 1 3

0 .8 1 9 0 3

0 .8 1 5 9 4

0 .8 1 2 8 7

0 .8 0 9 8 1

0 .8 0 3 7 5

0 .8 0 0 7 4

0 .7 9 7 7 4

0 .7 9 4 7 7

0 .7 9 1 8

0 .7 8 8 6

0 .7 8 5 9 3

0 .7 8 3 0 1

0 .7 8 0 1 1

0 .7 7 7 2 2

0 .7 7 4 3 4

0 .7 7 1 4 8

0 .7 6 8 6 4

0 .7 6 5 8 1

0 .7 6 2 9 9

0 .7 6 0 1 9

0 .5 7 5 4 1

0 .7 5 4 6 3

0 .7 5 1 8 7

0 .7 4 9 1 2

0 .7 4 6 3 9

0 .7 4 3 6 7

0 .7 4 0 9 7

0 .7 3 8 2 8

0 .7 3 5 6 1

0 .7 3 2 9 3

0 .7 3 0 2 8

0 .7 2 7 6 4

0 .7 2 5 0 2

0 .7 2 2 4 1

0 .7 1 9 8 1

0 .7 1 7 2 2

0 .7 1 4 6 5

0 .7 1 2 0 8

0 .7 0 9 5 4

0 .7 0 7 0 1

0 .7 0 4 4 8

0 .7 0 1 9 6

0 .6 9 9 4 6

0 .6 9 6 9 8

0 .6 9 4 5 1

0 .6 9 2 0 4

0 .6 8 9 5 9

0 .6 8 7 1 5

0 .6 8 4 7 2

0 .6 8 2 3 1

0 .6 7 9 9 1

0 .6 7 7 5 1

0 .6 7 5 1 3

0 .6 7 2 7 6

0 .6 7 0 4 1

0 .6 6 8 0 5

0 .6 6 5 7 1

0 .6 6 3 3 8

0 .6 6 1 0 7

0 .6 5 8 7 6

0 .6 5 6 4 7

0 .6 5 4 1 9

0 .6 5 1 9 2

0 .6 4 9 6 6

0 .6 4 7 4 1

0 .6 4 5 1 8

0 .6 4 2 9 5

0 .6 4 0 7 3

0 .6 3 8 5 2

0 .6 2 6 3 2

0 .6 3 4 1 4

0 .6 3 1 9 6

0 .6 2 9 8 1

0 .6 2 7 6 4

0 .6 2 5 5 2

0 .6 2 3 3 6

0 .6 2 1 2 3

0 .6 1 9 1 2

0 .6 1 7 0 1

0 .6 1 4 9 1

0 .6 1 2 8 2

0 .6 1 0 7 5

0 .6 0 8 6 8

0 .6 0 6 6 2

0 .6 0 4 5 8

0 .6 0 2 5 4

0 .6 0 0 5 1

0 .5 9 8 4 9

0 .5 9 6 4 8

0 .5 8 4 4 7

0 .5 9 2 4 8

0 .5 9 0 5 1

0 .5 8 8 5 2

0 .5 8 6 5 6

0 .5 8 4 6 1

0 .5 8 2 6 5

0 .5 8 0 7 1

0 .5 7 8 7 8

0 .5 7 6 8 6

0 .5 7 4 9 4

0 .5 7 3 0 4

0 .5 7 1 1 4

0 .5 6 9 2 6

0 .5 6 7 3 8

0 .5 6 5 5 1

0 .5 6 3 6 4

0 .5 6 1 7 9

0 .5 5 9 9 4

0 .5 5 8 1 1

0 .5 5 6 2 8

0 .5 5 4 4 6

0 .5 5 2 6 4

0 .5 5 0 8 4

0 .5 4 9 0 4

0 .5 4 7 2 5

0 .5 4 5 4 7

0 .5 4 3 7 1

0 .5 4 1 9 3

0 .5 4 0 1 7

0 .5 3 8 4 2

0 .5 3 6 6 8

0 .5 3 4 9 4

0 .5 3 3 2 2

0 .5 3 1 5

0 .5 2 9 7 8

0 .5 2 8 0 8

0 .5 2 6 8 8

0 .5 2 4 6 9

0 .5 2 3 0 1

0 .5 2 1 3 3

0 .5 1 9 6 6

0 .5 1 8 0 1

0 .5 1 6 3 4

0 .5 1 4 7 1

0 .5 1 3 0 6

0 .5 1 1 4 2

0 .5 0 9 8 1

0 .5 0 8 1 8

0 .5 0 6 5 6

0 .5 0 4 9 6

0 .5 0 3 3 6

0 .5 0 1 7 6

0 .5 0 0 1 8

0 .4 9 8 6 1

0 .4 9 7 0 2

0 .4 8 5 4 6

0 .4 9 3 9 1

0 .4 9 2 3 4

0 .4 9 0 8 1

0 .4 8 9 2 6

0 .4 8 7 7 2

0 .4 8 6 2 1

0 .4 8 4 6 8

0 .4 8 3 1 6

0 .4 8 1 6 5

0 .4 8 0 1 5

0 .4 7 8 6 5

0 .4 7 7 1 6

0 .4 7 5 6 8

0 .4 7 4 2

0 .4 7 2 7 2

0 .4 7 1 2 6

0 .4 6 9 8 1

0 .4 6 8 3 4

0 .4 6 6 9 1

0 .4 6 5 4 5

0 .4 6 4 0 1

0 .4 6 1 1 6

0 .4 6 1 1 6

0 .4 5 9 7 4

0 .4 5 8 3 2

0 .4 5 6 9 1

0 .4 5 5 5 1

0 .4 5 4 1 1

0 .4 5 2 7 2

0 .4 5 1 3 4

0 .4 4 9 9 6

0 .4 4 7 2 1

0 .4 4 7 2 1

0 .4 4 5 8 5

0 .4 4 4 4 9

0 .4 4 3 1 3

0 .4 4 1 7 8

0 .4 4 0 4 4

0 .4 3 9 1 1

0 .4 3 7 7 7

0 .4 3 6 4 4

0 .4 3 3 8 1

0 .4 3 3 8 1

0 .4 3 2 4 9

0 .4 3 1 1 8

0 .4 2 9 8 8

0 .4 2 8 5 8

0 .4 2 7 2 9

0 .4 2 6 0 1

0 .4 3 4 7 2

0 .4 2 3 4 4

0 .4 2 0 8 9

0 .4 2 0 8 9

0 .4 1 9 6 3

0 .4 1 8 3 7

0 .4 1 7 1 1

0 .4 1 5 8 6

0 .4 1 4 6 2

0 .4 1 3 3 8

0 .4 1 2 1 4

0 .4 1 0 9 1

0 .4 0 8 4 6

0 .4 0 8 4 6

0 .4 0 7 2 4

0 .4 0 6 0 2

0 .4 0 4 8 1

0 .4 0 3 6 1

0 .4 0 2 4 1

0 .4 0 1 2 1

0 .4 0 0 0 1

0 .3 9 8 8 2

0 .3 9 6 4 6

0 .3 9 6 4 6

0 .3 9 5 2 8

0 .3 9 4 1 1

0 .3 9 2 9 4

0 .3 9 1 7 8

0 .3 9 0 6 2

0 .3 8 9 4 6

0 .3 8 8 3 1

0 .3 8 7 1 6

0 .3 8 4 8 8

0 .3 8 8 4 8

0 .3 8 2 7 4

0 .3 8 2 6 1

0 .3 8 1 4 7

0 .3 8 0 3 5

0 .3 7 9 2 2

0 .3 7 8 1 1

0 .3 7 6 9 9

0 .3 7 5 8 8

0 .3 7 3 6 7

0 .3 7 3 6 7

0 .3 7 2 5 6

0 .3 7 1 4 7

0 .3 7 0 3 7

0 .3 6 9 2 8

0 .3 6 8 1 9

0 .3 6 7 1 1

0 .3 6 6 0 3

0 .3 6 4 9 5

0 .3 6 2 8 1

0 .3 6 2 8

0 .3 6 1 7 3

0 .3 6 0 6 7

0 .3 5 9 6 1

0 .3 5 8 5 4

0 .3 5 7 4 9

0 .3 5 6 4 3

0 .3 5 3 3 8

0 .3 5 4 3 3

0 .3 5 2 3 4

0 .3 5 2 2 4

0 .3 5 1 2 1

0 .3 5 0 1 6

0 .3 4 9 1 3

0 .3 4 8 0 9

0 .3 4 7 0 6

0 .3 4 6 0 4

0 .3 4 5 0 1

0 .3 4 3 9 8

0 .3 4 1 9 5

0 .3 4 1 9 5

0 .3 4 0 9 3

0 .3 3 9 9 1

0 .3 3 8 9 1

0 .3 3 7 8 9

0 .3 3 6 8 8

0 .3 3 5 8 7

0 .3 3 4 8 7

0 .3 3 3 8 6

0 .3 3 1 8 6

0 .3 3 1 8 6

0 .3 3 0 8 6

0 .3 2 9 8 6

0 .3 2 8 8 7

0 .3 2 7 8 7

0 .3 2 6 8 8

0 .3 2 5 8 8

0 .3 2 4 8 7

0 .3 2 9 3

0 .3 2 1 9 1

0 .3 2 1 9 1

0 .3 2 0 9 2

0 .3 1 9 9 2

0 .3 1 8 9 3

0 .3 1 7 9 3

0 .3 1 6 9 4

0 .3 1 5 9 4

0 .3 1 4 9 4

0 .3 1 3 9 4

0 .3 1 2 9 4

0 .3 1 1 9 4

0 .3 1 0 9 3

0 .3 0 9 9 2

0 .3 0 8 9 1

0 .3 0 7 8

0 .3 0 6 8 8

0 .3 0 5 8 6

0 .3 0 4 8 3

0 .3 0 3 7 9
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APPENDIX B
Drop Shape Variations for Different Gas Oil Systems:

Figure B1: Drop Shape Variation for CH4-Dead Oil Sample A
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(I

u 11

u II
Figure B2: Drop Shape Variation for VRI-Dead Oil Sample A

0
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Figure B3: Drop Shape Variation for CO2-Live Oil Sample A
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P = 1500 psi

P = 2000 psi

P = 2500 psi

P = 3000 psi

P = 3300 psi

P = 3600 psi

Figure B4: Drop Shape Variation for CH 4 -Live Oil Sample A
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P = 3 4 0 0 psi

P = 3600 psi|

Figure B5: Drop Shape Variation for VRI-Live Oil Sample A

