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Abstract — Carbon dioxide injection is a widely known method of enhanced oil recovery (EOR). It is critical for the
CO, EOR that the injected CO, to reach a condition fully miscible with oil. To reach the miscible point, a certain level of
pressure is required, which is known as minimum miscibility pressure (MMP). In this study, a MMP prediction method
using a process simulator is proposed. To validate the results of the simulation, those are compared to a slim tube exper-
iment and several empirical correlations of previous literatures. Aspen HYSYS is utilized as the process simulator to
create a model of CO,/crude oil encounter. The results of the study show that the process simulator model is capable of

predicting MMP and comparable to other published methods.
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1. Introduction

Enhanced oil recovery is an advanced step of oil recovery effort
which has been actively pursued in the past few years. One of the
most popular methods of EOR is gas injection in which gases are
injected into mature reservoir fields. Flue gases, light hydrocar-
bon, nitrogen, methane and carbon dioxide are some of the prefera-
ble injection fluids. The selection of the injected fluid is decided by
considering the reservoir characteristics, oil composition and eco-
nomical value of the said fluid.

In 1952, a patent for enhanced oil recovery method of injection
of CO, was granted to Whorton et al. [1]. CO, has high displace-
ment efficiency and is available at lower cost, which makes it a
favorable choice. Furthermore, injecting CO, into the oil reservoir has
a potential for environmental benefits through storing the greenhouse
gas at subsurface.

To reach maximum recovery potential, the encounter of injected
fluid and oil should happen in such condition where both elements
are miscible with each other. The minimum flooding pressure
required to reach the miscibility point is also known as minimum
miscibility pressure (MMP) [2]. MMP required for CO, injection
depends on the CO, purity, oil composition and reservoir tempera-
ture [3]. To achieve the highest recovery, it is necessary for the res-
ervoir to be pressured to be maintained at or above the MMP.
Therefore, the prediction of MMP is a crucial part in oil recovery
effort.
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2. Minimum Miscible Pressure (MMP)

Minimum miscible pressure is the lowest pressure needed to
achieve miscible state of the system. There are three main parame-
ters affecting MMP: gas injection composition, intermediate com-
ponent (Cs,) of crude oil and reservoir temperature. Based on the
amount of contact needed to achieve the MMP, there are two kinds
of miscibility: first contact miscibility (FCM) and multiple contact
miscibility (MCM). We can differentiate the process by observing
the ternary diagram of the crude oil system. The example of first
contact miscibility is a reaction between ethanol and water [4].
They will form one phase of fluid without observable interface (no
interface, [FT =0).
Other MMP definitions from several researchers are as follows:
1. Maximum oil recovery at 1.2 pore volumes (PV) of CO, injected
[5].

2. The pressure that causes 80% oil recovery at CO, injection
process and 94% of oil in place ultimately recovered [6].

3. The pressure that causes 90 % oil recovery at 1.2 PV of CO,
injected [7].

There are two different mechanisms that could happen in misci-
bility process, which are vaporizing and condensing mechanism [8]:

2-1. Vaporizing mechanism

The light component of crude oil is vaporized by CO, and it will
continue until CO, becomes more like the oil, and thus becomes
easier to be soluble in the oil. Upon contact with the oil, light and
intermediate molecular-weight hydrocarbon transfer from the oil
into the gas phase, thus vaporizing into the gas. Formation of misci-
bility may require several contacts between gas containing vaporized
components and fresh reservoir oil.
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2-2. Condensing mechanism

The rich gas is injected into the oil with less intermediate carbon
fraction, but has the more heavier fraction in the component. The
crude oil will take the intermediate fraction from the gas (the gas is
condensed into the oil) until the crude oil will be similar in compo-
nent with richer gas. That is when the miscibility will happen.

However, both mechanisms described are too simple for an
enriched-solvent displacement. Zick [9] considers oil-solvent sys-
tem to be composed of four groups of components: lean components
(CHy, N,, CO,), light intermediate (C,-C,), middle intermediate (C,-
C,o), and everything else (heavy non-vaporizable components). In
condensing/vaporizing process, light intermediates condense from
the injection solvent into the oil while the middle intermediates are
being stripped from the oil into the solvent. Oil located further
from the injection point will have contact with the equilibrium sol-
vent, which is saturated in the light intermediates and contain a
small amount of middle intermediates from the oil over which it
passed. Those intermediates condense when the solvent have contacts
with fresh oil downstream. The solvent develops just enough rich-
ness by the vaporization part of the mechanism so that it nearly
generates a condensing mechanism.

3. MMP Determination Methods

MMP prediction has been carried through laboratory experiment
and analytical techniques over the years. In 1987, Christiansen and
Haines [10] reported that MMP can be determined rapidly by observ-
ing the miscibility development between a gas bubble and oil through
the rising bubble apparatus (RBA). Wu and Batycky [11] experi-
mented on slim tube to analyze the effect of effluent gas composi-
tion and pressure drop on miscibility pressure. A study done to
compare both RBA and slim tube method was done by Elsharkawy
et al. [12] with the conclusion that RBA is a faster and more reli-
able method than the slim tube for determining MMP. A more cur-
rent method of MMP determination known as vanishing interfacial
tension (VIT) is reported later in several studies [12,13]. The 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 [14].

A correlation determines the optimum displacement pressure of
CO, is developed by Holm and Josendal [6]. This correlation is based
on the temperature of the reservoir and molecular weight of Cs,
and presented in a graphical form. In 1976, the National Petroleum
Council [15] proposed a correlation that predicts CO, MMP according
to reservoir temperature and API gravity of the reservoir oil, which
gives a rough estimation of the required MMP. Lee [16] reported a
model that predicts CO, MMP according to the CO, pressure vapor.
Yellig and Metcalfe [5] established a correlation of reservoir tem-
perature and the required MMP by running a slim tube experiment
on various pressures. Stalkup [17] followed up Cronquist’s [18]
work and completed a correlation for CO, MMP based on the res-

ervoir temperature and the molecular weight of Cs, fraction. Orr
and Jensen [19] formulated correlation by extrapolating vapor pressure
to predict the MMP for reservoirs with low temperature. Glass [20]
related CO, MMP to reservoir temperature, mole percent methane
in the injected CO,, molecular weight of the intermediates (C,-Cg)
in the gas, and the molecular weight of C,, of the oil. Enick ef al.
[21] developed an equation of state (EOS) and a correlation to pre-
dict the MMP of pure and impure CO, injection dependent to the
reservoir temperature and Cs, molecular weight. In this method,
molecular weight of Cs, is modeled as a single alkane of equiva-
lent molecular weight.

In 1988, Harmon and Grigg [22] described a rapid experimental
method, which utilizes the solving properties of CO, and the actual
stock-tank oil to predict CO, MMP. Another correlation is presented
based on the difference in solubility parameter between the crude
oil and the injected gas to determine CO, MMP by Lange [23]. Wang
and Orr [24] proposed an analytical MMP calculation method for
one-dimensional, dispersion-free flow of a randomly chosen num-
ber of component mixtures in the injected gas and oil.

An artificial neural network (ANN) model applicable to the esti-
mation of MMP for pure and impure CO, injection was established by
Huang et al. [25] in 2003. The said model considers the molecular
weight of Cs, fraction, concentrations of methane and intermediate
hydrocarbons (C,-C,) fractions in the oil for pure CO, injection.
To predict the impurities factor in the CO, stream, this model cor-
relates the concentration of contaminants (N,, C,, H,S and SO,)
and their critical temperatures. In 2005, Yuan et al. [26] developed
an analytical model to estimate MMP for pure and impure CO, injec-
tion from equations of state which is based solely on the reservoir
temperature, the percentage of intermediate (C,-C) and the molec-
ular weight of C., in the oil.

Shokir [3] used an alternating conditional expectation (ACE)
algorithm to predict the pure and impure CO, injection MMP based
on the reservoir temperature, oil compositions and CO, impurities.
The results of the study were compared to the commonly used pure
and impure CO, - oil MMP correlations to check the efficiency of
the model. In 2013, Shokrollahi et al. [27] proposed a model named
least-squares support vector machine (LSSVM) to estimate MMP
of CO, injection method using molecular weight of Cs, in the oil,
reservoir temperature, and impurities of injected CO, stream (H,S
and N, concentration) as input parameters of the model.

The use of correlations to predict required MMP in EOR process
has been considered to be efficient. It is simple, inexpensive and gives
a fairly accurate result depends on the quality of data supplied to
the correlation.

4. Slim Tube Experiment

MMP (minimum miscible pressure) is examined by using slim
tube apparatus, the technique which has already considered as indus-
trial standard to measure the MMP. The slim tube schematic dia-
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Fig. 1. Schematic Diagram of Slim Tube Apparatus.
Table 1. Specification of slim tube apparatus by injecting gas through the line. CO, is then injected from the
Specification upper part of slim tube with low injection rate (0.1~0.2 cc/minute)
Material Stainless Steel (316SS) in order to reduce the viscous fingering effect by using an ISCO
Slim Tube Length 12.35m pump until it reaches 1.2 of PV injected. Then the volume of oil that
OD Slim Tube 0.25in. =0.635 cm was collected in the outlet of the apparatus was measured and dead
ID Slim Tub 0.457 . .
tm e cm3 volume of the outlet flow line was subtracted from it. The same
Bulk Volume 202.7 cm . .
Pore Volume 92.0 em? procedure was repeated at various set pressures to collect required
Porosity 45.38% data from which MMP is inferred.
Sand pack material Hama #8 (60/70 mesh) The experiment was done in two temperature ranges. The first

gram that was used in the experiment can be observed at Fig. 1.
The specification of the slim tube is presented in Table 1.

The saturation fluid process is performed by injecting crude oil
into the slim tube with low rates (0.1~0.5 cc/minute) until it reaches 2
PV of crude oil injected (it was assumed that the slim tube is
already completely saturated with the crude oil. The back pressure
regulator (BPR) in the apparatus is set into experimental pressure

Korean Chem. Eng. Res., Vol. 54, No. S, October, 2016

experiment was done at temperature 70 °C (158°F), the second experi-
ment set was at 66 °C (150°F) and the third one at 65 °C (149°F).
To represent the slim tube experiment results, the results of the first
experiment can be observed in Table 2 and Fig. 2.

There are three ways to determine the MMP. First, defining the
break-over point which was created by the meeting point of the two
slopes in the curves. Second, the MMP is defined as pressure when
the oil recovery reaches 90%. MMP can also be defined as pres-
sure at 95% of oil recovery. Based on the break-over point MMP
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Table 2. Results of slim tube experiment at 150 °F

Pressure, Psi RF (%)
1,365 71.74
1,210 66.30
1,707 92.39
1,070 58.70
1,840 94.57
1,940 95.65
2,077 96.74
1,430 78.26
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Fig. 2. Recovery Factor vs Pressure at 150°F using Slim Tube Appa-
ratus.

measurement, it was shown that the MMP of the system is 1940 psi
(13.38 MPa) for the first experiment (at 70 °C), 1700 psi (11.72 MPa)
for the second experiment (at 66 °C) and 1680 psi (11.58 MPa) for
the third experiment (at 65 °C). Based on 90% total oil recovery
definition, the MMP is 1840, 1640 and 1620 psi for first, second and
third experiment, respectively (or 12.69 MPa, 11.31 MPa, and 11.17
Mpea, respectively). Alternatively, for the last definition of MMP
often used by people in the oil industry, using 95% total oil recovery,
the MMP is 1920 psi (13.24 MPa) for the first experiment, 1840 psi
(12.69 MPa) for the second experiment and 1820 psi (12.55 MPa)
for the third experiment.

5. MMP Prediction Using Process Simulator

Modeling the encountering process of CO,/crude oil until they
reach miscibility can be done in the process modeling simulator. This
study presents a simple method of predicting MMP using Aspen
HYSYS. The Aspen HYSYS provides steady state and dynamic
process simulation in an integrated environment that utilizes case
scenario tool to optimize designed process. Results of simulation
are then compared to results of slim-tube experiment and existed
correlations.

Slim tube MMP experimental results based on the break-over
point are utilized to help validate the simulation model. Peng-Rob-
inson equation of state is chosen in the simulator to solve the simu-
lation model with reservoir temperature and crude oil composition
as known variable. To get more accurate data, calibration of EOS

used to is required. In this study, the binary interaction parameters
(Kj) for the Peng-Robinson equation of state (EOS) are estimated
using the PPR78 model (predictive 1978, Peng-Robinson EOS)
[28,29]. Published correlations by Petroleum Recovery Institute
(PRI), Lee, Yellig & Metcalfe and Orr & Jensen are also used to
validate the simulation results before and after the EOS calibration
along with the slim tube experiment result.

A simulation environment was created to emulate a situation of
which CO, and crude oil encounter each other in a certain pressure
and temperature. The injected CO, and crude oil were set as the
inlet and goes into the mixer at certain injection pressure. The pres-
sure of the crude oil flow wa set to the pressure of the reservoir
while the temperature was adjusted to the experiment temperature.
The mixture then flowed to the heater to be heated to the reservoir
temperature before then being separated to vapor and liquid flows.
The temperature of the mixture was set to 67 °C. The simulation
model can be observed in Fig. 3.

After the model was set, the next step taken was to run a case
study to find the MMP. The injection pressure, which is the pres-
sure of the CO, flow, was set as the independent variable while the
separated vapor and liquid were set as the dependent variable. In
this study, MMP is defined as a condition where the mole fraction
of CO, in the mixture is equivalently available in vapor and liquid
phase. In the said condition, it is assumed that CO, is well dis-
persed in the mixture and reached miscibility with the crude oil. A
result of one of the case studies is presented in Fig. 4. As observed,
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Fig. 3. Process Flow Diagram of Simulation in Aspen HYSYS Design.

1.0

0.9 I
0.8 ‘/

&
° :
k] M
o
frs 0.7
K
)
EN 0.6
o
(8
0.5 === Separated Liquid —
==@==Separated Vapor
0.4
0.3 T s
- - - -l - - - - N N N
N w B ()] (2] ~ @ © o - N
o o o L= o = o o o o o
o o o o o o o o o o o

Pressure (psia)

Fig. 4. CO, Mole Fraction in Separated Liquid and Vapor against
Pressure.
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Table 3. Comparison of simulation, slim tube experiment and published correlations results

. Predicted MMP (psia)
Reservoir - - - - - -
Temperature  Yellig and Metcalfe Lee Orr and Jensen PRI Slim tube Experiment Slmulatl%rlr\:i/gl;out EOS S;;ﬁ?;i:;o\gzh
Run 1 (158°F) 1982 2190 2266 2189 1940 2000 2200
Run 2 (150°F) 1884 2013 2098 2032 1700 1980 1840
Run 3 (149°F) 1872 2013 2078 2013 1680 1980 1840

the CO, mole fraction in the separated liquid increased concur-
rently with increasing pressure, indicating a process of CO, disper-
sion into the liquid phase or crude oil.

Results from the simulation were then compared to results of the
correlation mentioned earlier in this part. Petroleum Recovery Institute
(PRI), Lee, Yellig & Metcalfe and Orr & Jensen correlations were
chosen because these correlations consider the reservoir tempera-
ture as the main variable in predicting MMP. Thus, it is considered
to be well suited as comparator to the simulation system where the
main adjustable variable is the temperature of the reservoir.

A comprehensive comparison of simulation results, slim tube
experiment and other published correlations is presented in Table
3. It is evident that the Aspen HYSY'S simulation results showing
comparably higher results than that of the slim tube experiment.
Results of the slim tube experiment show a deviation ranging from
3~18% to the simulation without EOS calibration; the simulation
with PPR78 binary coefficient estimation shows closer results with
8~12% deviation. Comparison results of simulation and other cor-
relations indicated various ranges of difference with Orr & Jen-
sen’s correlation showing the highest deviation, while Yellig &
Metcalfe’s equation showing the closest results to the simulation
results.

The similarities of the results presumably happened because Yellig
& Metcalfe’s correlation considered similar variables that are used
to perform calculations in the simulation program and the slim tube
experiment method. While most correlations are primarily depen-
dent on temperature and less on oil composition, Yellig & Metcalfe
added extra attention to bubble point pressure correction. In addition,
Yellig & Metcalfe’s correlation model is constructed on numerous
CO, MMP data. These qualities are considered to be the reason for
how Yellig & Metcalfe’s provided the most similar prediction to
the simulation and slim tube experiment results.

6. Conclusions

MMP is a prominent factor that may decide a successful CO,
EOR process. To determine the MMP, simple, fast and economical
methods are constantly researched. From this study, it is proven
that the process simulator can provide a shortcut in the MMP pre-
dicting process, using the information of reservoir temperature and
oil characteristics. The results of the study show that the simulation
model has more resemblance to Yellig and Metcalfe’s correlation.
The process simulator model shows a great potential as an efficient

Korean Chem. Eng. Res., Vol. 54, No. S, October, 2016

tool for predicting MMP. It has a fair accuracy yet swift and simple
to use.
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