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a b s t r a c t

Gravity assistance is a critical factor influencing CO2eoil mixing and miscible flow during EOR and CO2

geological storage. Based on the NaviereStokes equation, component mass conservation equation, and
fluid propertyecomposition relationship, a mathematical model for pore-scale CO2 injection in oil-
saturated porous media was developed in this study. The model can reflect the effects of gravity assis-
tance, component diffusion, fluid density variation, and velocity change on EOR and CO2 storage. For non-
homogeneous porous media, the gravity influence and large density difference help to minimize the
velocity difference between the main flow path and the surrounding area, thus improving the oil re-
covery and CO2 storage. Large CO2 injection angles and oileCO2 density differences can increase the oil
recovery by 22.6% and 4.2%, respectively, and increase CO2 storage by 37.9% and 4.7%, respectively.
Component diffusion facilitates the transportation of the oil components from the low-velocity region to
the main flow path, thereby reducing the oil/CO2 concentration difference within the porous media.
Component diffusion can increase oil recovery and CO2 storage by 5.7% and 6.9%, respectively. In addi-
tion, combined with the component diffusion, a low CO2 injection rate creates a more uniform spatial
distribution of the oil/CO2 component, resulting in increases of 9.5% oil recovery and 15.7% CO2 storage,
respectively. This study provides theoretical support for improving the geological CO2 storage and EOR
processes.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

The CO2 injection in oil reservoirs is a promising method for
improving crude oil recovery (Cheng et al., 2017; Gong et al., 2020;
Wang et al., 2021). In addition, CO2 flooding in oil reservoirs is the
most economical and feasible approach to achieving large-scale
CO2 storage (Tao et al., 2009; Zhang, 2013; Liu and Rui, 2022).

Indoor experiments have shown that gravity-assisted gas
flooding can significantly improve oil recovery and CO2 storage
effect. Yang et al. (2020) established a two-dimensional visual
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inistry of Education, Qingdao,
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model of a seam-hole and performed top-injection nitrogen
replacement experiments. The experimental results showed that
the secondary gas top formed by gravity partitioning was key in
improving oil recovery from seam-hole-type reservoirs (Yang et al.,
2020). Long et al. (2021) arranged the core samples in different
angles and performed gravity-assisted air flooding experiments.
They found that with the angle increased from 0� to 90�, the oil
recovery increased from 37.2% to 57.5%, and 54.6% of the oil was
recovered owing to the assisting effect of gravity (Long et al., 2021).
Han et al. (2016) conducted experiments on CO2 near-miscible
flooding under vertical and horizontal core conditions. The re-
sults showed that injecting CO2 from the bottom decreased the
recovery by 7.8% and the CO2 storage amount by approximately half
(Han et al., 2016). Adel et al. (2018) investigated the effect of gravity
on recovery at different injection pressures and found that the
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effect of gravity on recovery decreased with increasing injection
pressure. When the injection pressure was 11.6 MPa, the gravity-
assisted effect improved oil recovery by approximately 59.7%.
When the injection pressure was 15 MPa, CO2 mixed with oil, and
the gravity-assisted effect increased recovery by 6.4% (Adel et al.,
2018). Peng et al. (2020) established a three-dimensional large-
scale physical model and conducted top-gas, bottom-water, and
conventional water injection experiments. The top-air injection
recovered 40.0% of the oil, which was higher than those of the
bottom-water and conventional water injection scenarios (Peng
et al., 2020). Huang et al. (2021) conducted gravity-assisted air-
flooding experiments and found that crude oil production within
the pre-gas scramble stage accounted for 80% of the entire gas-
flooding process under gravity-assisted action (Huang et al.,
2021). Previous studies have shown that gravity-assisted action is
essential in improving the recovery of the reservoir gas flooding.
The recovery of the reservoir gas flooding significantly increases
under gravity-assisted action.

In order to study the flow mechanism of fluids within porous
media more directly, the researchers simulated the fluid flow
process using pore-scale numerical simulation method, which can
describe the velocity, composition, etc. of the fluid at each spatial
location (Yang et al., 2013; Kitao et al., 2021; Sepehri and Siavashi,
2022). Wang et al. (2022a) analyzed the migration pattern and
distribution of injected CO2 through pore-scale numerical simula-
tion method. The modeling results showed that CO2 migrated
mainly along the high-porosity and large-pore-size layers, leaving a
large area of low-porosity and small-pore-size regions not dis-
placed (Wang et al., 2022a). Li et al. (2023a) established a numerical
model of CO2 miscible flooding. The microscopic seepage charac-
teristics of interphase mass transfer in CO2 miscible flooding were
analyzed by multiphysics field coupling simulations at the two-
dimensional pore scale. The research showed that after injection
into the model, CO2 preferentially diffuses into the large pore space
and forms a miscible area with crude oil through interphase mass
transfer, and the miscible area expands continuously and is pushed
to the outlet by the high CO2 concentration area (Li et al., 2023a).
Behnoud et al. (2023) focused on pore-scale near-miscible CO2eoil
displacement. The results indicated that interface is moved into the
by-passed oil due to low interfacial tension in the near-miscible
region. Moreover, behind the front ahead of the main flow
stream, the CO2 phase can significantly displace almost all the
bypassed oil in normal pores and effectively decrease the large
amounts in small pores (Behnoud et al., 2023). Liu and Song (2015)
conducted an investigation of CO2 flooding, adopting pore-scale
reconstructed model to analyze the complex interplay of displac-
ing and displaced fluid in a porous media (Liu and Song, 2015). Yan
et al. (2022) developed a single-phase, two-component flowmodel
by coupling the NaviereStokes equation and mass transfer equa-
tion to reveal the potential mechanisms of the miscibility and
displacement of crude oil and hydrocarbon gases. The simulation
results demonstrated that the residual oil content is lower at low
gas injection velocity than that at high gas injection velocity due to
the better miscibility of fluids (Yan et al., 2022). Wang et al. (2022b)
investigated the diffusion of CO2 components during CO2
throughput using the lattice Boltzmann method. They focused on
simple pore structures and did not assess the effects of changes in
the physical properties of the fluid (Wang et al., 2022b). Kong et al.
(2020) performed pore-scale simulations of a non-miscible gravity-
assisted gas flooding using CFD. The simulation results showed that
under the effect of gravity, the injected gas could overcome the
capillary force of the narrow pore throats and displace the oil in
those throats to improve oil recovery (Kong et al., 2020). Song et al.
(2023) performed two-phase flow simulations to simulate the CO2
flooding process based on the phase-field method. A multiple-
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parameter analysis was performed to investigate the effects of
capillary number, viscosity ratio, wettability, density, gravity,
interfacial tension, and absolute permeability on the two-phase
fluid flow characteristics. The results indicated that with a low
capillary number, the flooding process of the injected CO2 was
mainly controlled by the capillary force and gravity (Song et al.,
2023). In the previous work, there are relatively few studies of
pore-scale numerical simulation considering gravity. In addition, in
the previous pore-scale numerical simulation model, the diffusive
mass transfer of components and their resulting changes in fluid
physical properties during CO2 flooding are ignored, which reduces
the simulation accuracy. Therefore, in this study, a mathematical
model reflecting the effect of gravity on CO2 miscible flooding in
porous media was established, considering the effects of the CO2
injection angle, injection velocity, component diffusion coefficient,
and CO2eoil density difference in the CO2 flooding process. The aim
of this study was to reveal the mechanisms of gravity influence on
CO2 geological storage. Based on the spatial distribution of the fluid
velocity and the component concentration distribution in the
porousmedium, the effects of the injection angle, injection velocity,
diffusion, and fluid density difference on the oil recovery and CO2

geological storage were analyzed.
2. Mathematical model of miscible oileCO2 flow considering
gravity assistance

In the CO2 flooding process, the spatial distribution of fluid flow
and component diffusion within the porous medium are nonuni-
form owing to the complex poreethroat structure. This results in
significant differences in the fluid density at various locations in the
porous medium. With the aid of gravity, the lower density fluid
flows from the top region of the porous medium, whereas the
higher density fluid tends to flow from the bottom of the porous
medium.

In this mathematical model, the flow process of an oileCO2
miscible fluid within the porous medium obeys the law of mo-
mentum conservation, and is expressed by the NaviereStokes
equation (Eq. (1)). In this study, the variation in fluid momentum
is influenced by the pressure, viscous forces, and gravity. It is
assumed that CO2 and oil are in a single-contact miscible state; that
is, CO2 can achieve a miscible state with oil at the first contact.
Therefore, in the proposed model, the effect of interfacial tension is
ignored in the NaviereStokes equation. During the CO2 miscible
flooding, the fluid composition and fluid density are not uniformly
distributed spatially at each location, and the fluid flow always
obeys themass conservation law for compressible fluids (Eq. (2)). In
Eqs. (3) and (4), the fluid density is the product of the weighted CO2
density and oil density, with the weight being the molar concen-
tration of the CO2 and oil components. Under the miscible state,
elevated temperatures and pressures do not cause further phase
changes in the fluid and have a less important effect on the fluid
properties compared with immiscible state (Zhang et al., 2020b; Xi
et al., 2022). Under miscible state, the most important influencing
factor is the fluid composition, which has been considered in the
model (Soomro et al., 2023). Besides, considering that high tem-
perature and pressure will greatly increase the difficulty of
convergence and reduce the efficiency of calculation (Lauser et al.,
2011; Sun et al., 2023). Therefore, only the influence of the most
important factor (composition) on fluid properties is considered.

r
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þ rðu ,VÞu¼ V , ½�pI þ mðVuþðVuÞuÞ � 2
3
mðV,uÞI� þ rg

(1)



Fig. 1. Porous media: pore-throat structure and meshing.

Fig. 2. Distribution of oil fractions between calculations of this study and experimental observations of Li et al. (2023b).
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Fig. 3. Diagram showing angle of CO2 injection.
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vr

vt
þV,ðruÞ¼ 0 (2)

r¼ xCO2
rCO2

þ xoilroil (3)

xCO2
þ xoil¼ 100% (4)

where r is the fluid density, kg/m3; u is the fluid velocity, m/s; t is
the time, s; p is the fluid pressure, MPa; m is the fluid viscosity, mPa
s; I is the dimensionless identity matrix; g is the gravity accelera-
tion of the fluid, m2/s; xCO2

is the CO2 mole fraction; and xoil is the
oil mole fraction.

At the porous medium inlet, the CO2 injection velocity was
6 � 10�5 m/s (Eq. (5)), corresponding to a CO2-displacement
leading-edge movement velocity of 5.18 m/d. The porous-medium
outlet was maintained at a constant pressure of 50 MPa (Eq. (6)). At
the start of the CO2 flooding, the fluid in the porous mediumwas at
rest (Eq. (7)), and the fluid pressure was 50 MPa (Eq. (8)).

uinlet¼ 0:00006 m=s (5)

poutlet¼ 50 MP (6)

ut¼0¼ 0 m=s (7)

pt¼0¼ 50 MPa (8)

In the CO2 miscible flooding process, influenced by the complex
pore throat structure, the distribution of the fluid flow velocity
within the porous medium widely varies in space. The oil and CO2
components are not uniformly distributed within the dead-end
pores, and strong component diffusion occurs. Therefore, the
variation in the amount of oil or CO2 component at various loca-
tions within the porous medium is influenced by the fluid flow and
oil or CO2 component diffusion (Eq. (9)). In Eq. (9), the first term on
the left is the CO2 or oil component accumulation term, the second
term is the CO2 or oil component diffusion mass flux term, and the
third term on the left is the CO2 or oil component flow mass flux
term.

r
vui

vt
þ V,Ji þ rðu,VÞui ¼ 0 (9)

where ui is the CO2 or oil mass fraction of the fluid (Eq. (10)); Ji is
the CO2 or oil diffusive mass flux (Eq. (11)), kg/(m2/s).

ui ¼
xiMri

PN

j¼1
xjMrj

(10)

Ji ¼ rdVui (11)

where Mr is the CO2 or oil relative molecular mass of the fluid; d is
the diffusion coefficient, which is equal to 20 � 10�10 m2/s.

At the entrance of the porous media, the molar content of CO2 in
the fluid is 100% (Eqs. (12) and (13)). At the pore walls of the porous
media, no diffusion of the oil and CO2 components normal to the
pore walls occurs (Eq. (14)). At the onset of the CO2 flooding, the
fluid in the porous media comprised only oil (Eqs. (15) and (16)). At
the exit of the porous medium, the oil and CO2 components flowed
out from the porous medium according to the boundary conditions
of Danckwerts (Eq. (14)). The sum of the mass fractions of the oil
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and CO2 components at each location within the porous medium is
100% (Eq. (17)).

uinletðCO2Þ¼ 100% (12)

uinletðoilÞ¼ 0% (13)

n,Ji¼ 0 (14)

ut¼0ðCO2Þ¼ 0% (15)

ut¼0ðoilÞ¼ 100% (16)

uðCO2Þ þ uðoilÞ¼ 100% (17)

In this study, core samples were collected from the target
reservoir, and core cast sheets were produced (Fig. 1(a)). Informa-
tion of pore-throat structure was obtained from the cast sheet. The
whole calculation domain structure has been automatically
meshed and locally refined based on the free triangle mesh through
the COMSOL multiphysics software package. The pore space within
the porous media was discretized into 37,678 triangular meshes
with a minimum mesh size of 2 � 10�3 cm (Fig. 1(b)). Some of the
pore throats are relatively small. In order to calculate the results
more accurately, the grids of small pores are denser, thus the small
pores appear to be closed and unconnected. Actually, in the porous
media of this study, all pores are connected.

The partial differential equations of the simulation model are
discretized by finite element method embedded in COMSOL soft-
ware, which has the advantage of solving problems with very
complex combinations of factors, such as inhomogeneous material
properties, arbitrary boundary conditions, complex geometries (Ye
and Zhang, 2020; Sun et al., 2021). To avoid convergence problems



Fig. 4. Spatial distribution of fluid velocities at different injection angles after 800 s of CO2 injection.

Table 1
Pore and fluid characteristics.

Porous media
size, cm

Minimum pore size, cm Oil density,
kg/m3

CO2 density,
kg/m3

Oil molecular weight,
g/mol

CO2 molecular weight,
g/mol

Oil viscosity,
Pa s

CO2 viscosity,
Pa s

Length Width

1.0 0.8 2 � 10�3 720 320 126 44 1.5 0.05
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and slow convergence rate, the direct sparse linear system solver
PARDISO embedded in COMSOL is applied to solve the model
equations. The principle of PARDISO solver is to use symmetric
matrices, shared memory parallel processing, and one-step inverse
method for solving. It has the advantages of convenient use, strong
robustness, and memory-saving, and is suitable for small problems,
highly nonlinear, andmulti physical field problems, etc. (Long et al.,
2020; Zhang et al., 2020a).
991
In order to verify the accuracy of the model, the simulation of
CO2 miscible flooding within the dead-end pore space was carried
out, and the simulation results was compared with the experi-
mental observations in Li's research (Li et al., 2023b). The initial
conditions, boundary conditions, and the fluid physical properties
were referred to Li's study. The simulated results of oil component
distribution in this study were in good agreement with the
experimental results of Li et al. (2023b) (Fig. 2).



Fig. 5. Spatial distribution of component concentrations at different injection angles after 800 s of CO2 injection.

Table 2
Velocity, oil component concentration at each marker point in porous media, and breakthrough time.

Injection angle, � Velocity, 10�5 m/s Oil mole fraction at B, % Breakthrough time, s

Point A Point B

0 12.10 0.32 35 216
15 10.55 0.92 27 227
30 8.05 1.43 19 240
45 6.72 1.92 11 255
60 5.36 2.52 5 270
75 4.81 2.82 2 286
90 4.26 3.16 1 300
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3. Results and discussion

3.1. Injection angle

The inclination angle of the reservoir significantly influences
CO2 flooding and storage. Some reservoirs use CO2-assisted SAGD to
992
achieve CO2 flooding and storage, in which CO2 flows vertically
from the top towards the production well (Wang et al., 2018;
Beaton et al., 2022). The porous media was rotated by q angles (0�,
30�, 60�, and 90�), and the CO2 flooding and storage effects were
simulated for different CO2 injection angles using the proposed
mathematical model. In this study, CO2 injection was assumed



Fig. 6. Variations in oil recovery and CO2 storage amount at different injection angles.

Fig. 7. CO2 flooding process in the oil reservoirs with a gas cap.
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above the porous media (I1 and I2), crude oil production was
adopted at the bottom (P1, P2, and P3), and the boundary conditions
were kept constant (Fig. 3).

The CO2eoil density difference is 400 kg/m3 and the specific
gravity of the injected oil is 0.72. CO2 injection velocity is 6� 10�5m/
s and component diffusion coefficient is 5.4 � 10�9 m2/s. The pore
and fluid properties used in the model are shown in Table 1.

Based on the fluid velocity distribution within the porous me-
dium, the fluid within the porous medium mainly flowed in the
flow channel between the inlets (I1 and I2) and P1 when CO2 was
injected in the horizontal direction (rotated by 0�, Fig. 4(a)). The
993
low fluid flow velocities at outlets P2 and P3 indicated that less fluid
flowed out from P2 and P3. Because the density of CO2 is lower than
that of crude oil, CO2 gradually moves upward as it is transported.
Therefore, the crude oil above the inlets (I1 and I2) was displaced
better (Fig. 5(a)), with the molar fraction of the oil component at
point A being 34% lower than that at point B. It should be
mentioned that the spatial distribution of component concentra-
tions used in this study is mole fraction, according to Eq. (10), the
mole fraction and mass fraction are interconvertible. Therefore, the
two factors describe similar spatial distribution of oil concentra-
tions. In addition, as shown in Eq. (4), the sum of the mole fractions
of CO2 and oil is 100%. Therefore, the spatial distribution of CO2
concentration can be indirectly represented by the distribution of
component concentration of oil.

If the inlet is higher than the outlet, the CO2 will have a
downward displacement component during transportation to the
outlet. In this study, the larger the angle of rotation of the porous
medium, the larger the displacement component in the vertical
direction during CO2 transportation to the outlet. The longer the
CO2 transport distance in the vertical direction, the stronger the
effect of the gravity-assisted CO2eoil density difference, the lower
the fluid velocity along the flow path between I1 and P1, and the
significantly higher the fluid velocity in the area around the main
flow path (Fig. 4). Taking points A and B as examples (Fig. 4(a)), as
the injection angle increased from 0� to 90�, the velocity out of
point A decreased from 12.1 � 10�5 to 4.26 � 10�5 m/s, and the
velocity out of point B increased from 0.32� 10�5 to 3.16� 10�5 m/
s (Table 2). In addition, as the angle of CO2 injection increased, more
fluid exited from outlets P2 and P3, and the crude oil flooding and
CO2 storage within the porous media became more uniform. It
should bementioned that point A is in themain flow path and has a
high velocity. Therefore, point A is chosen to represent the flow and
composition change in the main flow channel. Point B is far away
from the main flow path and has a relatively low velocity. There-
fore, point B is chosen to represent the flow and composition
change in the region away from main flow channel. By comparing



Fig. 8. Spatial distribution of fluid velocities at different density differences after 800 s of CO2 injection.
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the velocity and composition difference between points A and B,
the gravity-assisted effects on CO2 flooding and storage effect can
be clearly illustrated.

As the injection angle increased, the CO2 breakthrough timewas
gradually delayed, and the amount of stored CO2 increased grad-
ually. When injected horizontally, the CO2 breakthrough time was
216 s (Table 2), the final crude oil recovery was 59.6%, and the final
CO2 storage amount was 0.99 � 10�7 mol. When the porous me-
diumwas rotated by 90� and CO2 was injected from the top, the CO2
breakthrough time was delayed to 300 s, the final crude oil re-
covery was 82.2%, and the final amount of CO2 storage mole was
1.37 � 10�7 mol. As the CO2 injection angle increased from 0� to
90�, the final crude oil recovery increased by 22.6%, and the final
amount of CO2 storage mole increased by 37.9% (Fig. 6).
994
3.2. Density difference

Differences in pressure and crude oil composition between
reservoirs resulted in significant differences in the densities of CO2
and crude oil. Consequently, the gravity-assisted effect varied
considerably among the reservoir conditions. In this subsection, we
present a simulation of the CO2 flooding and storage process under
different CO2eoil density differences (100, 200, 300, and 400 kg/
m3) and an analysis of the effect of the density differences on the
gravity-assisted action. The initial and boundary conditions used in
the simulations are expressed by Eqs. (5)e(17). The injection angle
of 90� is chosen to simulate different density differences because
the spatial distribution of fluid velocity and component concen-
tration is the most different at 90�, which can more clearly show
the influence of gravity-assisted effect on CO2 flooding and storage.



Fig. 9. Spatial distribution of component concentrations at different density differences after 800 s of CO2 injection.

Table 3
Velocity and oil component concentration at each marker point in porous media.

Density difference, kg/m3 Velocity, 10�5 m/s Oil mole fraction, %

Point A Point B Point A Point B

100 6.49 3.42 1.80 22.10
200 5.98 3.56 2.00 18.30
300 5.38 3.67 3.20 12.60
400 4.86 3.74 3.80 7.40

Y.-M. Hao, G.-C. Wu, Z.-F. Li et al. Petroleum Science 21 (2024) 987e1001
It is also because the 90� conditions are consistent with a CO2
flooding process in the oil reservoirs with a gas cap (Fig. 7). The CO2
injection velocity is 6 � 10�5 m/s and the component diffusion
coefficient is 5.4 � 10�9 m2/s.

As the density difference between the CO2 and oil increased, the
difference in the spatial distribution of velocity within the porous
medium decreased. Taking points A and B as examples (Fig. 8(a)),
when the CO2eoil density difference was 100 kg/m3, the velocity at
point A was 6.49 � 10�5 m/s, and the velocity at point B was
3.42 � 10�5 m/s, which is 1.90 times the velocity at point A. When
the CO2eoil density difference was 400 kg/m3, the velocities at
points A and B were 4.86 � 10�5 and 3.74 � 10�5 m/s, respectively.
In this case, the velocity at point A was 1.30 times higher than that
at point B. This indicates that the more significant the CO2eoil
density difference, the more uniform the fluid flow within the
porous medium. In addition, the less significant the density dif-
ference between CO2 and oil, the higher the concentration of the
remaining oil component within the porous medium after CO2
995
injection, and the more uneven the distribution. Taking points A
and B as examples (Fig. 9(a)), when the density difference between
CO2 and oil was 400 kg/m3, the molar fractions at points A and B
were 3.8% and 7.4%, respectively, with a difference of 3.6%. When
the density difference between CO2 and oil was 100 kg/m3, the
molar fractions at points A and B were 1.8% and 22.1%, respectively,
showing a difference of 20.3% (Table 3). This is because the less
significant the density difference, the higher the velocity at point A



Fig. 10. Variations in oil recovery and CO2 storage amount at different density differences.
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within the main channel, the more CO2 flows through the main
channel and recover the oil components, and more oil in the area
around the main channel are retained within the porous medium.
This suggests that the more significant the CO2eoil density differ-
ence, the more favorable the gravitational effect on the CO2 flood-
ing and storage.

As the density difference between the CO2 and oil increased, the
degree of crude oil recovery in the porous media and the CO2
storage amount increased gradually (Fig. 10). When the density
difference between CO2 and oil increased from 100 to 400 kg/m3,
the degree of recovery increased by 4.2%, and the CO2 storage
amount increased by 4.7%. Therefore, it is necessary to investigate
gravity-assisted CO2 flooding and storage in reservoirs with sig-
nificant oileCO2 density differences.
3.3. Diffusion coefficient

Component diffusion is a critical factor that influences CO2
flooding and storage. In this section, we present a simulation of the
CO2 flooding and storage process at different component diffusion
coefficients (ranging from 4 � 10�10 to 28 � 10�10 m2/s) and an
analysis of the effect of component diffusion on CO2 flooding and
storage. Chen et al. (2022) investigated the range of diffusion co-
efficient values of CO2 in crude oil in porous media, considering the
effects of pressure, temperature, crude oil density, and viscosity.
The diffusion coefficients reported in this subsection were selected
based on the results reported by Chen et al. (2022). The initial and
boundary conditions used in the simulations are expressed by Eqs.
(5)e(17). The CO2eoil density difference is 400 kg/m3, the CO2 in-
jection angle is 90�, and the CO2 injection velocity is 6 � 10�5 m/s.

As the component diffusion coefficient increased, the concen-
tration of oil components remaining in the porous medium after
CO2 injection decreased and became more evenly distributed. This
indicates that the higher the component diffusion coefficient, the
more favorable it is for CO2 flooding and storage. Taking points A
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and B as examples (Fig. 11(a)), the molar fractions at points A and B
were 14% and 72%, respectively, when the component diffusion
coefficient was 4 � 10�10 m2/s, and the difference between the two
was 58%. When the component diffusion coefficient was
28� 10�10 m2/s, the molar fractions at points A and Bwere 30% and
50%, respectively, with a difference of 20%. This is because the
transportation of components within a porous medium is influ-
enced by fluid flow and component diffusion. The higher the
component diffusion coefficient, the faster the CO2 in the high-
velocity flow region (point A) diffused into the low-velocity
percolation region (point B) owing to the oil/CO2 component con-
centration gradient. In addition, because diffusion is a two-way
process, the higher the component diffusion coefficient, the faster
the oil component in the low-velocity percolation region diffused
into the high-velocity percolation region. Therefore, the higher the
component diffusion coefficient, the higher the molar fraction of
the oil components at point A, and the difference with those at
point B decreases.

Under the same CO2 injection volume conditions, the higher the
component diffusion coefficient, the higher the degree of crude oil
recovery from porous media, and the higher the amount of stored
CO2; however, in the early stage of CO2 injection, the degree of
crude oil recovery did not change significantly. When the compo-
nent diffusion coefficient increased from 4 � 10�10 to
16 � 10�10 m2/s, the degree of crude oil recovery increased from
78.1% to 80.4%, with an increase of 2.3%, and the amount of stored
CO2 increased from 1.30� 10�7 to 1.34� 10�7 mol, with an increase
of 3.1%. When the component diffusion coefficient increased from
16 � 10�10 to 28 � 10�10 m2/s, the degree of crude oil recovery
increased from 80.4% to 83.8%, with an increase of 3.4%, and the
amount of stored CO2 increased from 1.34 � 10�7 to
1.39� 10�7 mol, showing an increase of 3.7% (Fig.12). This indicates
that component diffusion synergizes with gravity in promoting the
CO2 flooding and storage process.



Fig. 11. Spatial distribution of component concentrations at different diffusion co-
efficients after 800 s of CO2 injection.
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3.4. Injection velocity

The injection velocity significantly influenced the stability and
gravity-assisted effect of the CO2-repellent leading edge. In this
study, the CO2 flooding process was simulated at different injection
velocities (1.0� 10�5, 3.5� 10�5, and 6.0� 10�5 m/s) to analyze the
effect of the injection velocity on the gravity-assisted influence. The
porous mediumwas rotated by 90�, and CO2 was injected from the
top. The initial and boundary conditions of the simulation are
expressed by Eqs. (5)e(17). The CO2eoil density difference is
400 kg/m3, the CO2 injection angle is 90�, and the component
diffusion coefficient is 5.4 � 10�9 m2/s. In the CO2 flooding project
in the actual oil reservoirs, the CO2 leading edgemoved at a velocity
lower than 5.8 � 10�5 m/s (5 m/d). In our study, the CO2 injection
velocity is from 1.0 � 10�5 to 6.0 � 10�5 m/s, which is close to the
CO2 leading edge movement velocity in actual oil reservoirs.

As the CO2 injection velocity increased, the difference in the
spatial distribution of velocity within the porousmedium increased
gradually (Table 5). Taking points A and B as an example (Fig. 13(a)),
when the CO2 injection velocity was 1.0� 10�5m/s, the velocities at
points A and B were 4.08 � 10�6 and 3.13 � 10�6 m/s, respectively;
the velocity at point Awas 1.30 times that at point B. When the CO2
injection velocity was 6.0 � 10�5 m/s, the velocity at point A was
5.83 � 10�5 m/s, and the velocity at point B was 2.96 � 10�5 m/s;
the velocity at point A was 1.97 times that at point B (Table 5). This
indicates that the fluid flow within the porous medium was more
inhomogeneous under high-injection-velocity conditions than
under low-injection-velocity conditions.

Component transport in porous media is influenced by the fluid
flow and component diffusion. Under the same CO2 injection con-
ditions, the lower the injection velocity, the more time is available
for the oil fraction in the low-velocity flow region (point E) to move
via diffusion to the high-velocity percolation region (point D) and
for the CO2 in the high-velocity percolation region to move to the
low-velocity percolation region (Fig. 13(d)). Consequently, the dis-
tributions of the oil and CO2 components within the porous me-
dium were more uniform under low-injection-velocity conditions
than under high-injection-velocity conditions. The higher the
diffusion coefficient, the higher the oil fraction concentration at
point D, and the lower the oil fraction concentration at point E
owing to diffusion (Table 4).

Because a low injection velocity facilitates uniform fluid flow
within the porousmedium, the lower the CO2 injection velocity, the
higher the degree of crude oil recovery within the porous medium,
and the higher the amount of stored CO2. As the CO2 injection ve-
locity increased from 1.0 � 10�5 to 6.0 � 10�5 m/s, the degree of
crude oil recovery decreased from 91.4% to 81.9%. In addition, the
amount of stored CO2 decreased from 1.55 � 10�7 to
1.34� 10�7 mol, indicating a reduction of 13.5%. The higher the CO2
injection velocity, the more significant the effect of the change in
the injection velocity on the CO2 flooding. When the injection ve-
locity increased from 1.0 � 10�5 to 3.5 � 10�5 m/s, the degree of
crude oil recovery in the porous medium decreased from 91.4% to
88.9% (a reduction of 2.5 %), and the amount of stored CO2
decreased from 1.55 � 10�7 to 1.48 � 10�7 mol (a reduction of 4.5
%). When the injection velocity increased from 3.5 � 10�5 to
6.0 � 10�5 m/s, the degree of crude oil recovery within the porous
media decreased from 88.9% to 81.9% (a decrease of 7%), and the
amount of stored CO2 decreased from 1.48 � 10�7 to
1.34 � 10�7 mol (a decrease of 9.5%) (Fig. 14). Thus, a low injection
velocity is beneficial for assisting gravity during CO2 miscible
flooding and storage, and the gas flooding leading-edge advance



Fig. 12. Variations in oil recovery and CO2 storage amount at different component diffusion coefficients.

Table 4
Times taken for CO2 injection at 1.5 PV and distributions of oil components at each
marker point.

Injection velocity, 10�5 m/s Time, s Oil mole fraction, %

Point D Point E

1.0 4800 15.20 48.10
3.5 1371 5.30 67.20
6.0 800 1.50 81.50

Table 5
Velocities at outlet in porous media.

Injection velocity, 10�5 m/s Velocity, 10�5 m/s

Point A Point B Point C

1.0 0.41 0.31 0.30
3.5 2.11 1.30 0.66
6.0 5.83 2.96 0.85
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velocity should not exceed 3.5 � 10�5 m/s.
4. Conclusions

In this study, we developed amathematical model for pore-scale
CO2 injection in oil-saturated porous media, incorporating gravity-
assisted effects. It should be noted that in field-scale oil reservoirs,
in addition to gravity-assisted effects, CO2 injection for EOR and CO2
storage will be affected by compartmentalization, non-
homogeneity, sedimentary law etc., which will be more compli-
cated than the target of our study. Based on the simulation results,
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the main conclusions of this study are as follows:

(1) The gravity-assisted effect resulted in more uniform fluid
flow in porous media, effectively delaying the CO2 flooding
breakthrough time and increasing the degree of crude oil
recovery and CO2 storage. As the CO2 injection angle
increased from 0� to 90�, the degree of crude oil recovery and
CO2 storage increased by 22.6% and 37.9%, respectively.

(2) The larger the CO2eoil density difference, the more favorable
the gravity effect on the CO2 flooding and storage, and the
more uniform the fluid flow in porous media. As the CO2eoil
density difference increased from 100 to 400 kg/m3, the
degree of crude oil recovery and CO2 storage increased by
4.2% and 4.7%, respectively.

(3) The higher the component diffusion coefficient, the faster
the CO2 diffusion from the high-velocity flow region to the
low-velocity seepage region. This contributes to transporting
the crude oil in the low-velocity flow region and achieving
CO2 storage. As the component diffusion coefficient
increased from 4 � 10�10 to 28 � 10�10 m2/s, the degree of
crude oil recovery and CO2 storage increased by 5.7% and
6.9%, respectively.

(4) The lower CO2 injection velocity synergizes with component
diffusion for more uniform fluid flow in porous media,
resulting in increases of 9.5% and 15.7% in crude oil recovery
and CO2 storage, respectively. Low injection velocities can
assist gravity assistance for CO2 EOR and storage, and the
advancing velocity of CO2 front should not exceed
3.5 � 10�5 m/s (3.02 m/d).



Fig. 13. Spatial distributions of fluid velocity and component concentration at different injection velocities after CO2 injection at 1.5 PV.
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Fig. 14. Variations in oil recovery and CO2 storage amount at different injection velocities.
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