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Introduction

The catalytic Nowadays hydrocarbon reservoirs
become a good candidate for carbon capture and
sequestration (CCS), due to the use of existing
wells, facilities, and infrastructures can reduce the
costs of sequestration implementation. However, to
implement such a process, it is needed to study various
mechanisms related to the CO, sequestration that
may occur at different time scales. The simultaneous
movement of CO, and oil in the reservoir rocks is a
complex which controls the oil trapping. Therefore,
the modeling this process, especially at the pore scale
is necessary for reservoir management, optimal design,
and safe CO, sequestration. The structural complexity
of porous media at the pore scale, the heterogeneity
of sedimentary rocks, the interaction between fluids
and the pore walls, as well as the changes in the shape
and behavior of the interface between fluids, make
the simulation of these types of multi-phase flows a
challenge. [1].

The modelling and simulation methods at the pore
scale include direct numerical simulation (DNS) and
pore network modeling (PNM). In the direct simulation
approach, the pore space is first characterized based on
the CT images of the pore structure, then an appropriate
mesh system is considered and the governing flow
equations are applied. In general, two sets of equations
are necessary; one set is to describe the main flow and
the other is to capture the interface of two fluids in the
medium using methods such as volume of fluid, level
set, or phase field method [2, 3].
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Materials and Methods

Modeling two phase flow using direct numerical
simulation

In the direct numerical simulation, we use two set
of equations one for the main flow (e.g. Navier-
Stokes equations) and another for the movement
of the interface of phases [2,3]. These equations are
implemented using finite elements, finite volumes, or
boundary elements with simple or adaptive meshing.
The numerical solution of the governing flow equations
gives the distribution of velocity, pressure, and phase
saturations as well as the detection of the interface.
Often, methods such as level-set or phase field method
are used for the detection of the interface. Although
the level-set methods can find the geometrical changes
of the fluid interface and the properties of the fluids
in its vicinity, it is not perfectly able to maintain mass
conservation compared to the other methods [2].
Furthermore, the phase field method can maintain
mass conservation and capture the curvature of the
interface of fluids. Coupling Navier-Stokes equations
with Cahn Hilliard equations can simulate two-phase
flows at the pore scale [3].

Phase Field Approach in Two-phase Flow Modeling
In the phase field approach, the interface assumed
as a thin layer with a non-zero thickness on which
the boundary forces are homogeneously distributed
[4]. In this method, the phase field parameter (@) is
defined, which has a constant value within the bulk of
each phase, and its magnitude changes on the phase
boundary layer. Then, the volume fraction of each
phase depends on the phase field parameters defined

by



1+ 1-
s v
To investigate the dynamics of fluid flow, Navier-
Stokes equations are used with an additional term
related to the phase field parameter, which describes
the surface tension forces,

p(gp)(aa—ltleu.Vu) = —V.[p[ +,u(go)(Vu +Vu” )}+§(¢))V{p
2

where & is the chemical potential of the system. Cahn
Hillard considered the gradient of the chemical poten-
tial proportional to the rate of mass displaced in the
system. The density and viscosity are a function of the
phase field parameter through the volume fraction of
fluid I (V) Geometry of the Porous Medium and

Dynamic Modeling Procedure

In this research work, we used the realistic porous me-
dia from micro-CT images (square with side size of
500 um). By setting a threshold on the micro-CT im-
age, the porous medium is divided into the grains and
pore space (called binarization). Then “image to curve
function” in Comsol was used to extract the grain
boundaries from the binary image and record them. To
capture the complex pore structure,we used triangular
mesh elements.

As the initial conditions, we assumed the medium to
be initially saturated with oil phase with T= 343 K,
P= 1500 Pa, and zero velocity on the pore walls (i.e.
no slip flow). Also, no flow boundary conditions were
assumed for the upper and lower boundaries of the me-
dium. Furthermore, CO, was injected from the left at a
rate of 0.01 m/s, and on the right boundary, a constant
boundary pressure (equal to the initial pressure) was
assumed.

We considered the initial time step At=10? s. Also, a
tolerance of 0.001 was considered for the convergence
criteria. In this work, the density p and viscosity p are
assumed to be pressure dependence based on the ap-
propriate correlations for the dependency of density
and viscosity of CO, to pressure and temperature in
which the parameters “c” and “A” are some functions
of temperature [5].

W(T,p)=C+C, p+C,p*+C, p3+C, p* 2)
p(T.p)=A tA p+A, p*+A p*+A, p* ©)
Also, interfacial tension and wettability are assumed
to be pressure and temperature dependent as supported
by experiments [54]. We used regression on the inter-
facial tension-pressure data presented by Choudhary
etal. in 2019 for the decan and CO, system at T= 343
[6]. Also, correlation given by Arif et al in 2016 for
the dependency of contact angle on the pressure and
temperature are used [7].

For flow simulate, the phase field module of Comsol
was used. For the base case model, we assumed the in-
terfacial tension 6=0.004N/m, the contact angle 6=60,
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and the injection rate v=0.01 m/s. Examining the ef-
fects of miscibility was performed by considering two
near-miscible (6=0.00004 N/m) and miscible (c=0)
conditions. Also, the effects of wettability were evalu-
ated by considering the contact angles 0=n/4,n/3,1/2,
To assess the effect of injection rate, two injection
rates v=0.01 and v=0.05 m/s were considered.

To calculate the oil recovery, the fluid volume (i.e.
2.V..S, where V stands for the volume of element i and
S is the oil saturation in element i) was recorded as a
function of time during the simulation process.

Results and Discussion

The appropriate mesh size, permeability, total poros-
ity and effective porosity, after a sensitivity analysis
on mesh size was found to be 7.53 x 10-13 m?, 0.332
and 0.195.

In the first part, the comparison of the results of the oil
recovery for the case of variable density and viscos-
ity with the case of constant density and viscosity is
shown in Fig. 1.
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Fig. 1 [llustration of oil recovery for the case of constant and

variable density and viscosity.

To consider the effects of miscibility of injected gas,
simulations with three surface tension values of 0.004,
0.00004, and 0.0004 N/m were done. The change
of miscibility conditions is directly related to the
capillary forces and therefore can be effective on the oil
recovery as shown in Fig. 2. Furthermore, these results
show that with the increase in miscibility, oil recovery
improves from about 25 and 7% for miscibility and
semi-miscibility conditions.

To investigate the effect of injection rate, two injection
rates of 0.01 and 0.05 m/s and in two conditions of
surface tension of 0.004 and 0.04 N/m were used.
The results presented in Fig. 3 show that with the
increase in the injection rate, the increase in the oil
recovery is not certain and depends on the surface
tension values. Also, Fig. 4 shows the effect of the
wettability on oil recovery. By changing the contact
angle from 60° (relative to oil) to 45° and 135°, the oil
recovery decreases by 1.5% and increases by 29.8%,
respectively.
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Fig. 2 Comparison of oil recovery at different miscibility

conditions.

0.6

L

o

(L]
|

= .004 N/m, 0.01 m/s
= 0.004 N/m, 0.05 m/s
0.04 N'm, 0.01 m/s
0.04 N'm, 0.05 m/s

e
o

Recovery Factor
;
o

0.4

0.35 1

0 0.5 1 15 2 25 3 3.5 4
Time (s)
Fig. 3 Illustration of the effect of CO, injection rate on the
oil recovery.
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Conclusions

Considering the pressure dependence properties like
density and viscosity of CO, was shown to be effective
on the oil recovery and so, assuming constant density
and viscosity of CO, in the simulation can be a source
of errors in the simulation results.

* As miscibility increases, the role of the capillary

force, which controls the fluid flows in the medium,
results in the oil recovery improvement of 25% and
7% for the miscible and semi miscible cases.

* By increasing the rate of CO, injection (i.e. stron-
ger viscous forces), the degree of the accessibility of
the smaller pores changes which leads to an increase
in the oil recovery at higher surface tension values.
However, at lower surface tension values, the injected
CO, passes the medium without having enough time to
come into contact with the oil, and so the oil recovery
decreases. Therefore, in such cases, the optimal rate
for CO, injection can be obtained through a sensitivity
analysis.

* As in the presence of a gas phase gas is a non-wet
phase, changing the wettability towards the oil phase,
causes a delay in the gas breakthrough time.
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