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Introduction

For a long time, carbon dioxide gas flooding has
been proposed as a desirable method to enhance oil
recovery, and it is considered to optimize gas injection
systems [1-7]. While carbon dioxide-based enhanced
oil recovery can improve oil recovery by reducing oil
viscosity and carbon dioxide mobility, it is also essential
for reducing carbon gas emissions and sequestration
and separation of carbon dioxide gas [8-10]. To
optimize and evaluate carbon dioxide gas injection, it
is necessary to understand the behavior of oil-carbon
dioxide flow in porous media. Recently, Chen et al
prepared certain empirical relationships to predict
the minimum miscibility pressure and effective near-
miscibility pressure range for pure and impure carbon
dioxide injection projects, which it can be used in
every reservoir depending on their specific conditions.
Thus, the effective near-miscibility pressure region
is within 0.87-1.07 of minimum miscibility pressure.
Therefore, this study has provided a practical tool for
characterizing the near-miscible region and designing
future processes of near-miscible carbon dioxide
flooding. Although research on the complex behavior
of pore-scale oil-carbon dioxide displacement has
been limited; until recently, most studies had focused
on core-scale and field-scale oil-carbon dioxide
displacement.

Ma et al.’s numerical study investigated miscible,
immiscible, and near-miscible flooding with different
approaches. Their results suggest that despite the
popularity of near-miscible flooding compared to
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immiscible flooding in terms of sweep efficiency, it
cannot move oil in smaller pore throats. They also stated
that carbon dioxide diffusion coefficient has a negligible
effect during miscible flooding and assumed interfacial
tension to be constant in all simulations [11].

This study aims to investigate and understand the
oil displacement mechanism (decane) in pore-scale
carbon dioxide gas flooding while focusing on the
effective near-miscible pressure region, which is more
economical and feasible.

After determining the effective near-miscible pressure
range, gas injection pressure is adjusted according
to the lower limit of effective near-miscible pressure
region. With this assumption, the oil-carbon dioxide
interfacial tension leans toward extremely-low non-
zero values.

Therefore, dynamic interfacial tension has been
included for more realistic modeling and better
understanding of the effect of pressure gradient in flow
behavior of carbon dioxide-oil.

This study proposed a practical criterion for designing
near-miscible pressure flooding, which is useful in
many carbon dioxide sequestration and enhanced oil
recovery applications through carbon dioxide gas
injection processes.

Materials and Methods

Numerical Approach and Theory
This study investigates an immiscible two-phase flow
of oil and supercritical carbon dioxide gas.



As mentioned regarding the capabilities of different
scaled two-phase flow simulations, the phase field
method is preferable to other direct numerical
simulations for maintaining mass stability, obtaining
logical and stable interfaces between fluids,
understanding the effect of the wettability parameter
on walls, and solution time.

This study employed the phase-field method, a
combination of Navier-Stokes and Cahn-Hilliard
equations, to simulate the processes of supercritical
carbon dioxide gas injection into a petroleum reservoir.
These equations are summarized in the following.

Governing Equations
The main governing equations, including Navier-
Stokes, continuity, and Cahn-Hilliard phase field
equations are combined as follows:

Ou 3 T (1)
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where p denotes pressure, u indicates fluid velocity
field, and t represents time. Moreover, ¥'is an auxiliary
parameter for decomposing the fourth-order Cahn-
Hilliard equation into two second-order equations, ¢
is the medium thickness parameter, y is mobility, 1 is
combined energy density, and G is chemical potential.

G=|~V'p+¢(¢* 1)/ | @)

To this end, the phase-field parameter ( ¢ ) is defined
as a constant in the main body of fluids and a variable
on the thin boundary layer. In this definition, —1<g<1
is the surface area and #=%1 represents pure phases. In
two-phase flows, this parameter indicates the relative
concentration of each fluid at the point in question,
such that the volume fractlon of the first and second
phases are respectively 1% and ~—%

The governing equationS were 11%plemented under
standard boundary conditions (e.g., inlet, outlet, no-
slip, wetted wall, and symmetry). The following
boundary conditions are applied in solid wet particles:

u=0 (5)
n.e*V ¢=¢&*cos 9|V¢| (6)
)V y=0 )

where n is the normal unit with the wall and is constant
surface angle. The first equation shows the no-slip
condition, the second equation is considered for zero
diffusion flux, and the final equation is the natural
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boundary condition arising from the total free energy
change. Details on phase-field theory, formulation, and
other boundary equations can be found elsewhere [12,
13].

Boundary Conditions and Initial Values

In an attempt of modelling near-miscible flooding
condition throughout the whole computational space,
the displacing phase will be injected into the medium,
which had previously been saturated with oil, with
constant pressure of , from the left-hand side.

The pressure on the right-hand side of the porous
medium will be set on P, , as well. In this study, the
minimum miscibility pressure (MMP) and the lower
boundary of effective near-miscibility pressure zone
are assessed from empirical equation to be equal to 12.7
MPa and 11.05 MPa, respectively [ 14]. Accordingly, the
P, and P, were set on the values of 11.05+¢ MPa and
11.05 MPa respectively. It is noteworthy to mention,
the initial pressure of the system P, was setto the value
of 11.05 MPa (lower limit of effective near-miscible
region). The pressure difference between the inlet and
outlet should be small enough to provide a sensible
two-phase flow/displacement in the pore scale. The
parameter ¢ is set to 600 Pa =(0.1psi ) , accordingly. The
opted value for ¢ is consistent with the dimensions of the
system, with pressure drop of 1 Psi, as well as Danesh
et al. study on near-miscible injection of methane gas in
decane model oil in a lab micromodel [15]. As a result,
one can compare the results of the aforementioned
system with commercial EOR/IOR flooding program
designs. The wetted wall boundary condition is selected
on the particle grain surfaces with a constant contact

angle (9).

Various Fluid Properties
The fluids properties of the Co, and Oil phases at specific
temperature is represented in the following Table 1:

Model Geometry

The computational domain in this study is a heterogenous
porous media with dimension of 6330x4379 pm which
consists of several circular-shape grains with a diameter
of 350 [11]. In this model, the diameters of twenty
random grains are either reduced or enlarged by 5 %
to include heterogeneity effect. The green color grains
are the grains with reduced diameter and the red grains
represent the enlarged ones (Figure 1). The detailed
characteristics of the simulated domain are further
elaborated in Table 2.

Table 1 Viscosity and density of pure CO, and oil phases in the system at constant temperature.

pcoz(k%3) ﬂcoz(k% 3)

Poit (k% 3)

%8/ ) T(K)

319.9 0.02 702.8

0.55 344
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Fig. 1 Computational domain geometry. CO, enters the medium from the left side and exits from the right side. The black area
represents the porous media and the matrix grains are shown with gray color.

Table 2 Properties of the computational domain.

. - .| Absolute Permeability (Dar-
Length (um ) | Width (H#m ) Avg. pore diameter (4m ) | Avg. Grain Size (4m ) | Porosity o5)
6330 4379 30.47 350 0.35 2

Results and Discussion

This section will present simulation results based on
the following two main modes:

1. Phase-field method in the lower limit of effective
near-miscible pressure region

2. Ma et al.’s study (Employing the phase-field method
in the lower limit of effective near-miscible pressure
region)

Residual Oil Saturation

This section will focus on the part of the model with
small-radius pores.

Although non-zero, the interfacial tension in the near-
miscibility region is very low in the pressure region
and the capillary forces will no longer be dominant.
Hence, to observe the rules governing viscous flow,
fluid flow behavior in the pores (porous medium) will

B)

be a far greater function of pore radius than of capillary
forces or interfacial tension.

Based on radius, each pore has a threshold capillary
pressure for fluid entry. As mentioned earlier,
however, gas injection in the near-miscible region (and
consequently low interfacial tension) results in the
very slight resistance of this pressure against gas entry
into pores occupied by bypassed oil. The entry gas
pressure easily overcomes the resistance of threshold
capillary pressure and pushes the interface into the
oil phase. Therefore, a larger amount of oil in pores
coming into contact with gas enhances oil recovery
from these pores [ 15-17].

For a closer examination, adaptation, and interpretation
of the proposed mechanism on residual oil (bypassed oil)
in small to medium-sized pore throats, Figure 2 shows the
final time of simulation runs in modes 1 and 2.

Fig. 2 The Specific Part of the Pore-Scale Model in Small to Medium-Sized Throats During Carbon Dioxide Injection in Near-
Miscibility Conditions at the End of Modeling in a) This Study, and b) Ma et al.’s Study.
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Oil Recovery Factor

As discussed earlier, due to the heterogeneity of the
model at the beginning of injection, carbon dioxide
first passes through the larger pores and rapidly
moves towards the end of the model due to its high
mobility. Therefore, a significant amount of oil
remains as bypassed oil. Shortly afterwards with the
breakthrough, carbon dioxide gas moves to normal
pores and, if possible, to smaller pores.

Generally, bypassed oil is characterized by undesirable
mobility ratio, gravity override (if present),
heterogeneities, closed/semi-closed pores, water phase
(if present), and pore-scale viscous instability (viscous
fingering phenomenon).

1/00

According to the proposed mechanism (saturation of
residual oil) and Figure 3, oil recovery was almost
92% in case 1 (i.e. this study), representing an over
40% increase compared to case 2 (Ma et al.'s study).
In other words, due to maintaining the model’s
pressure in the effective near-miscibility region
during simulation and throughout the model from
inlet to outlet to overcome the capillary pressure of
the pore threshold, near-miscibility gas injection is
recommended as an effective process.

The pore structure of this study corresponds to some
Sandstone petroleum reservoirs. Unlike the relatively
good inter-pore connectivity, this structure has a
certain inevitable heterogeneity [18].
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Fig. 3 Oil Recovery Factor in the Present Study (Phase-Field) and Ma et al.’s Study.

Conclusions

In this study, a numerical simulation approach has
been carried out in order to perceive the flow behavior
and the displacement mechanism of -Oil at the pore
scale, under the near-miscible condition in a heteroge-
neous porous medium.

The following conclusions can be found out:

The results obtained from the quantitative analysis of
the present study prove this claim that by achieving
effective near-miscibility pressure conditions during
the simulation time and throughout the porous medium
from the inlet to the outlet of the model, in order to
overcome the threshold capillary pressure in the pores,
it is possible to reach much higher recovery values.
Therefore, near-miscible pressure gas injection is sug-
gested as an effective process and an alternative solu-
tion in terms of economy and operation compared to
gas injection in miscible pressure.
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1. Breakthrough Time

2. Sweep Efficiency

3. Grains

4. Fingering

5. By-passed Oil/ Trapped Oil
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1. Mobility

2. Undesirable Mobility Ratio
3. Gravity Override
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5. Viscous Instability

6. Pore-Scale
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