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Introduction

Gas injection under miscible conditions is widely
recognized as one of the most efficient enhanced oil
recovery (EOR) techniques [ 1-3]. However, achieving
and maintaining such conditions often involves
significant operational challenges and high costs [4]. In
fractured reservoirs, due to the presence of preferential
flow paths, comparable oil recovery can be achieved
at immiscible pressures |5 ]. This study investigates the
influence of mass transfer on 0il-CO, flow behavior
under immiscible conditions in a heterogeneous
fractured porous medium at the pore scale. The goal
is to determine whether near-miscible recovery levels
can be approached by incorporating diffusion effects
even in immiscible regimes.

Materials and Methods

This research employed a high-fidelity numerical
modeling framework using COMSOL Multiphysics to
investigate the pore-scale displacement of oil by carbon
dioxide (CO-) in a two-dimensional heterogeneous
fractured porous medium. Two modeling approaches
were employed: (i) a Phase Field method based on
Navier—Stokes equations to simulate fluid dynamics
and (ii) a coupled model that integrates the Phase Field
method with the Transport of Diluted Species module
to account for interphase mass transfer using Fick’s
law. The computational domain was synthetically
generated to emulate a dual-porosity structure,
consisting of a low-permeability matrix intersected by
a matchstick-type fracture, enabling detailed analysis
of flow behavior at both the pore and fracture scales.

Accepted: November 23, 2024

Multiphase flow was modeled using the Phase Field
method, which solves the coupled Navier—Stokes
and Cahn—Hilliard Equations to capture the evolution
of immiscible fluid interfaces (Equations 1-6). This
approach accurately resolves interfacial tension
effects, wettability, and capillary-driven displacement
phenomena. The system of governing equations
includes the continuity equation, momentum
conservation, and the phase-field equations
representing diffuse interfacial dynamics [6-9].

To account for interphase mass transfer—a critical
mechanism in CO: flooding—the model was enhanced
by coupling the Phase Field module with the Transport
of Diluted Species (TDS) interface. Moreover, this
allowed the implementation of Fick’s second law to
simulate CO- diffusion into the oil phase. In addition,
the diffusion process was modeled simultaneously with
fluid flow, providing a comprehensive picture of the
interplay between hydrodynamic and compositional
effects.

All physical properties, including viscosity, density,
interfacial tension, and diffusion coefficients,
were assigned based on experimental or literature-
derived values. The model assumed incompressible,
Newtonian behavior for both fluids and operated under
isothermal conditions. A structured mesh with local
refinement in regions of high velocity and interface
curvature was used to ensure numerical accuracy,
and time integration was handled with a fully implicit
backward differentiation formula (BDF) scheme.
Boundary conditions included constant velocity at the
inlet, zero pressure at the outlet, and no-slip conditions



at solid boundaries (Equation 7-9).
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Modeling Assumptions and Mass Transfer
Framework

Under the following assumptions, interfacial tension
between CO: and oil is eliminated differentiating the
system from conventional immiscible displacements:
1. The CO2—oil system is treated as a solvent—solute
pair, while effects such as oil swelling and chemical
reactions are neglected.

2. Both CO: and oil are considered Newtonian fluids.
3. Variations in diffusion coefficient are assumed to be
negligible.

4. Fick’s classical law is applicable for modeling ideal
binary mixtures.

The Transport of Diluted Species (TDS) interface is
used to compute the concentration field of a dilute
solute (CO2) in a solvent (oil). This interface captures
solute transport and potential reactions in gaseous,
liquid, or solid phases. The driving forces for transport
include Fickian diffusion, convection (if coupled to
a flow field), and migration (in the presence of an
electric field) [4]. To simulate the system with mass
transfer effects, the continuity, momentum, and
convection—diffusion equations are solved in a coupled
manner. As one mole of CO: dissolves into the oil
phase, the oil’s physical properties evolve due to mass
transfer. Specifically, oil density/viscosity changes as
a function of CO: concentration and is estimated using
the following linear relationship:
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In Equation 11, c represents the concentration of carbon
dioxide dissolved in the oil phase. The parameter C,
denotes the inlet concentration of CO- dissolved in oil,
specified as 1 mol/m?, while C,_,  to the initial CO2
concentration, assumed to be zero.

Boundary Conditions and Fluid Properties

To model CO: flooding in oil across the computational
domain, the displacing CO: phase is injected from
the upper-left boundary (fracture only) at a constant
pressure P, into a medium initially saturated with
oil. Accordingly, the injection pressure is defined as
Pinj=4.83MPa+e, while the outlet pressure at the
right-hand side (which includes both fracture and
porous matrix) is set to Pout=4.83 MPa. The initial
pressure throughout the system is assumed to be
Pinit=4.8306 MPa. The pressure differential between
inlet and outlet is intentionally kept small to ensure that
the resulting two-phase displacement is representative
at the pore scale. For this purpose, € is set to 800 Pa
(approximately 0.1 psi).

Thermophysical properties of the oil and CO: phases at
the specified temperature are summarized in Table 1.

Results and Discussion

This section presents results for two main cases:

1. Phase Field method alone, and

2. Phase Field method coupled with the Transport of
Diluted Species.

The simulation results revealed critical insights into the
role of mass transfer in enhancing oil recovery under
immiscible CO: injection conditions. In the absence of
diffusion, CO: predominantly traveled along the fracture
path, bypassing significant volumes of oil in the matrix.
The flow exhibited pronounced viscous fingering
and early breakthrough, characteristic of unfavorable
mobility ratios and high heterogeneity. Conversely,
when diffusive mass transfer was introduced, CO:
progressively infiltrated the oil phase within the matrix
before reaching the fracture outlet. This solubility-
driven interaction altered the local saturation profiles

_ _c—c¢, (- c—c, ) and dampened interface instabilities. The displacement
p=p)= c —cy Pcoa I Poit front became smoother, and oil within narrow pore
" " throats, especially those near the fracture walls, was
(10) more effectively mobilized (Figure 1).
Table 1 Viscosity and density of pure carbon dioxide and oil phases in the system at constant temperature.
sz kg
Peos( m 3) Heon (%S) Poit ( /m 3) I, (%S) T(K)
88.635 0.0181 695.66 0.51098 344
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Fig. 1Temporal evolution of the computed CO: saturation distribution under (a) modeling with mass transfer effects included,

and (b) modeling without mass transfer effects.

In this study, most pores adjacent to the fracture are small
or narrow throats. As shown in Fig. 2, which illustrates
the CO: gas saturation in these regions, the amount of
trapped oil in Case 2 is significantly lower compared
to Case 1. This outcome is attributed to the presence of
fractures serving as preferential flow paths, coupled with
the inclusion of mass transfer between the flowing CO-
and the trapped oil within the pore structure—particularly
in the vicinity of the fracture. This crossflow mechanism
effectively enhances oil recovery in these localized zones.
Simulation results revealed that incorporating mass

®)

Fig. 2 CO: gas saturation in pores adjacent to the fracture: (a)
with mass transfer effects considered, and (b) without mass
transfer effects.

Conclusions

This study emphasizes the critical role of interphase
mass transfer in enhancing oil recovery in fractured
heterogeneous media under immiscible gas injection.
In addition, the integration of Phase field modeling
with mass transfer modules provides a comprehensive
framework for simulating such complex systems.
Ultimately, these findings can inform the optimization
of CO, injection strategies in fractured reservoirs,

transfer significantly improved the displacement of
residual oil, particularly in narrow throats and fracture-
adjacent regions. Moreover, the final oil recovery
increased from 81% (without mass transfer) to 89%
(with mass transfer), indicating that diffusion-driven CO,
penetration into the oil phase plays a crucial role even
under immiscible conditions (Fig. 3). Furthermore, this
recovery level is close to that typically observed under
near-miscible conditions, highlighting the importance of
mass transfer mechanisms in fractured porous systems.
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Fig. 3 Oil recovery factors with and without consideration of
mass transfer effects.

promoting  cost-effective  and
sustainable EOR practices.

environmentally
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