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ABSTRACT: Due to the fracturing fluid imbibition and primary water,
oil−water two-phase fluids generally exist in shale nanoporous media.
The effects of water phase on shale oil recovery and geological carbon
sequestration via CO2 huff-n-puff is non-negligible. Meanwhile, oil−CO2
miscibility after CO2 huff-n-puff also has an important effect on oil−
water two-phase flow behaviors. In this work, by considering the oil−
CO2 competitive adsorption behaviors and the effects of oil−CO2
miscibility on water wettability, an improved multicomponent and
multiphase lattice Boltzmann method is proposed to study the effects of
water phase on CO2 huff-n-puff. Additionally, the effects of oil−CO2
miscibility on oil−water flow behaviors and relative permeability are also discussed. The results show that due to Jamin’s effect of
water droplets in oil-wetting pores and the capillary resistance of bridge-like water phase in water-wetting pores, CO2 can hardly
diffuse into the oil phase, causing a large amount of remaining oil. As water saturation increases, Jamin’s effect and the capillary
resistance become more pronounced, and the CO2 storage mass gradually decreases. Then, based on the results from molecular
dynamics simulations, the influences of oil−CO2 miscibility on oil−water relative permeability in calcite nanoporous media are
studied, and as the oil mass percentage in the oil−CO2 miscible system decreases, the oil/water relative permeability decreases/
increases. The improved lattice Boltzmann model can be readily extended to quantitatively calculate geological CO2 storage mass
considering water saturation and calculate the accurate oil−water relative permeability based on the real 3D digital core.

■ INTRODUCTION
Shale nanoporous media is originally saturated with water
during the early stage of formation, and due to the water-wet
inorganic mineral and specific pore structures, some connate
water remains in pores during oil migration.1,2 In addition,
shale oil production mainly relies on hydraulic fracturing,3−5

resulting in fracturing fluids encroaching into pores through
spontaneous and/or forced imbibition.6−89101112 Hence, oil−
water two-phase fluids generally exist in shale nanoporous
media.13−15 CO2 huff-n-puff is not only an effective way to
enhance shale oil recovery16−18 but also a potential means of
geologically sequestrating CO2.

19,20 CO2 diffusion, oil−CO2
competitive adsorption, and oil−CO2−water miscible/immis-
cible flow behaviors are the most important microscopic
mechanisms in CO2 huff-n-puff,

21−2324 which are inevitably
influenced by the presence of the water phase. Meanwhile, oil−
CO2 miscibility after CO2 huff-n-puff also has an important
effect on oil−water two-phase flow behaviors. Therefore, it is
imperative to investigate the effects of water phase on CO2
huff-n-puff and the effects of oil−CO2 miscibility on oil−water
relative permeability.
Depending on rock wettability, water saturation, and pore

size and structures, water phase exists in porous media in
various distinct forms, including film, droplet, bridge, cluster,
and so forth,2,25−27 and eventually affects the fluid physical

behavior by capillary force and interface action.28 In recent
years, some scholars have studied the influence of the water
phase on CO2-enhanced shale oil/gas recovery from micro-
scopic perspectives by using molecular dynamics (MD)
simulations. Liu et al.29 used MD simulations to study
supercritical CO2 breaking through a water bridge and how
it enhances oil recovery in quartz nanopores. However, the
breakthrough of the water bridge depends on the continuous
injection pressure and water bridge thickness which are
strongly dependent on water saturation and surface wett-
ability.26 As the well is shut in after CO2 injection, whether the
water bridge can be broken in shale porous media under
different water saturations is still under debate. Meanwhile,
Luan et al.30 studied the effect of water film rupture on oil
displacement in dead-end nanopores by supercritical CO2.
They found that the water film rupture time is greatly
influenced by its thickness, CO2 injection pressure, and pore
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depth. The injected CO2 can also influence oil and water
wettability and ultimately affect oil−water relative perme-
ability. Yong et al.31 simulated nanoscopic water droplets on a
graphite substrate and showed that the water contact angle
increases as the CO2 content increases. Zhou et al.

32 studied
the effect of CO2 pressure on the CO2−water−kerogen
contact angle and found that with the increase of CO2
pressure, the water contact angle weakly increases. Most of
the current MD studies are conducted based on the single-pore
model,33 while the collective effect of multiple water-phase
occurrence states in porous media on CO2 diffusion,
competitive adsorption, and oil-phase relative permeability
has not been fully taken into account. In addition to MD
simulations, some scholars studied the influence of water phase
on CO2 huff-n-puff by experimental measurements. Li et al.

34

investigated the effect of water on CO2 huff-n-puff EOR
performance. They reported that the oil recovery declines by
∼45% after seven huff-n-puff cycles compared to that without
water. Experimental studies have difficulties in terms of
quantitatively or qualitatively analyzing the effect of various
parameters (such as wettability, competitive adsorption
capacity, water saturation, etc.) from microscopic perspectives,
and they are usually time-consuming due to the ultralow
permeability of shale rocks.
In this regard, pore-scale simulation can be an effective tool

to explore the influences of water phase on CO2 huff-n-puff by
taking into account the complex water distributions in porous
media and various parameters from microscopic perspectives.
Lattice Boltzmann method (LBM) is an effective pore-scale
simulation method to simulate physical and chemical
behaviors.35−373839 Wei et al.40 performed the immiscible
three-phase Shan−Chen LBM to investigate the effect of
droplet shape and size, gravity, and meniscus curvature on the
spontaneous motion of droplets and bubbles.40 Based on a
color-gradient LBM, Zhu et al.41 studied the effects of
wettability, viscosity ratio, and capillary number on the relative
permeability. Li et al.42 and Yu et al.43 modeled an immiscible
three-phase flow and investigated the effect of surface
wettability and inlet average velocity on the droplet dynamic
behaviors and fluid distributions. Tang et al.44 proposed an
improved oil−CO2−water three-phase LBM based on the
Shan−Chen multiple relaxation time type and discussed the
displacement behaviors of CO2 with different injection
conditions. However, these studies are all limited to the
conventional pore scale and immiscible three-phase fluid flows.
Currently, there are some studies on the CO2−water−solid
chemical reactions by LBM which involves CO2 diffusion and
CO2−water immiscible flow.45−4748 Nevertheless, they are not
suitable for the investigations on the effects of water phase on
CO2 huff-n-puff, considering the diffusion and miscible
behaviors. Recently, we proposed a pore-scale pseudopotential
LBM to simulate oil−CO2 diffusion, competitive adsorption,
and miscible flow behaviors to investigate the CO2 huff-n-puff
and discuss the oil−CO2 flow capacity.49 However, the water
phase was not considered in the model, which is non-
negligible.
Therefore, in this work, an improved oil−CO2−water

multicomponent and multiphase LBM (MCMP-LBM) is first
proposed, and the CO2 diffusion, oil−CO2 competitive
adsorption behaviors, and the effect of oil−CO2 miscibility
on the water contact angle are considered. Then, the interfacial
tension and the effects of oil−CO2 miscibility on water
wettability are verified. Based on the model, the effects of water

phase on CO2 huff-n-puff and CO2 sequestration are
investigated. Finally, the effects of oil−CO2 miscibility on
oil−water flow behaviors and relative permeability are
discussed. Based on the parameters obtained by fitting the
MD simulation results, the enhancement on oil−water relative
permeability due to CO2 is studied.
Oil−CO2−Water Multicomponent and Multiphase

Lattice Boltzmann Method. An improved LBM based on
modified oil−CO2−water interaction forces is proposed to
capture the oil−CO2−water diffusion, competitive adsorption,
and multiphase flow behaviors. The LBM fundamental
governing equations of oil−CO2−water and oil−CO2 are the
same, which can be found in our previous work.49 Compared
with the oil−CO2 system, the innovation of this model lies in
the treatment of three-phase interaction forces, which are the
fluid−fluid interaction force (Fσ,int), fluid−surface interaction
force (Fσ,ads), and body force (Fσ,b = (Fσ,b,x, Fσ,b, y)).
To capture diffusion and interfacial tension, Fσ,int can be

expressed by

= [ | | +
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where Gσ d1σ d1
is an interaction parameter of the same fluid; Gσd1σ d2

and Gσ d1σ d3
are the parameters of the fluid−fluid cohesion force

controlling the phases separation and miscibility; ψσ d1
= 1 − exp

(−ρσ d1
) is a pseudopotential; and ρσ d1

is the density with
= f ,1 1

.
To capture the wettability, Fσ,ads can be expressed as

= | | +t G t w sF x x e x e e( , ) ( , ) ( ) ( )t,ads s
2

1 1

(2)

where Gσ d1s is a fluid−solid interaction parameter. In this work,
there are a few assumptions for the adsorption of oil−CO2−
water on the pore surface in lattice Boltzmann (LB)
simulations: (1) Compared to the competitive adsorption of
oil and CO2, the competitive adsorption of CO2 and water on
the wall can be ignored. It is because the solubility of CO2 in
water is very small compared to that in oil phase. (2) The
nanoconfined flow behaviors due to the water−surface
interaction can be accurately characterized by the difference
in the lattice viscosity between the near-wall and bulk water
phase. (3) The competitive adsorption of oil−CO2 phase can
be characterized by tuning the adsorption capacity of CO2−
surface while keeping the oil−surface adsorption constant. Eq
2 is adopted for oil phase and water phase in our simulations,
which can not only characterize the oil−water−surface three-
phase contact angle but also ensure the constant adsorption
capacity of the oil phase on the surface . To capture the
heterogeneous CO2 density distribution, the CO2−surface
interaction force (Fσ, ads) coupling an exponential formula is
adopted50,51

= | |t G tF x x e( , ) ( , ) e x
cs,ads cs

/

(3)
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where Gcs is a CO2−surface interaction parameter; xα is the
distance from the solid surface in direction α, and when there
is no solid surface in direction α, xα = 0; λ = 0.35 nm49 is a
constant affecting the thickness of the near-surface region.52

Model Verification. In order to verify the proposed model,
the Laplace test and contact angle calculation are conducted.
The verification of diffusion, adsorption, and flow behaviors
can be found in our previous works.49 First, the Laplace test is
conducted, and the capillary number is calculated to verify the
interfacial properties in simulation. Then, the oil−water−
surface contact angle calculation and the effects of CO2 on the
water contact angle in LB simulations are verified and studied.
Laplace Test. In our simulation, CO2−oil interfacial tension

is not considered, as CO2 and oil can be miscible. Thus, only
oil−water and CO2−water interfacial tensions are considered.
The CO2−water interfacial tension is generally 30 mN/m at
typical reservoir conditions (343 K and 20 MPa),53−555657

while that of oil−water is generally 44 mN/m.58−60616263 As
the CO2 mole fraction in the oil phase increases, the CO2/oil−
water interfacial tension approaches to that of CO2−water.64
In LB simulations, it is difficult to adjust interfacial tension
independently from the diffusion, adsorption, and surface
wettability. Therefore, in this work, the oil−water and CO2−
water interfacial tensions are assumed roughly equal. During
the Laplace test, a square water phase in the oil phase and CO2
phase is placed, respectively. Then, the water phase gradually
becomes a spherical droplet with the fluid−fluid interaction
force Gwo = 2.1, Gwc = 2.1, and Gco = 1, and unless otherwise
specified, the above fluid−fluid interaction parameters are used
in the following simulations. The internal and external pressure
differences (pin and pout) of the droplet can be obtained by the
pressure calculation formula,65,66 as shown in eq 4. The linear
relationship between the pressure difference and the reciprocal
of the droplet radius with the lattice IFT ≈ 0.065 is shown in
Figure 1, which is in accordance with the Laplace law, as
shown in eq 5.

The capillary number, Ca, is defined as the ratio of the
external force Fb,x in the flow direction (i.e., x-direction) to the
lattice IFT, γ, in LB simulations,67 Ca = Fb,x/γ. Ca represents
the relative importance of viscous force (uμ) over the capillary
force (γ). The oil/CO2−water flows can be driven by an
external force Fb,x ranging from 2 × 10−4 to 2 × 10−6, while the
capillary number Ca = Fb,x/γ ranges from 3.1 × 10−3 to 3.1 ×
10−5, which is within the typical range of capillary numbers in
porous media.68

= +
= =

p c c G
i i j i

s
2

1

3

s
2

1

3

i i j i j
(4)

= p p R( )in out (5)

Wettability. As shown in eq 2, the fluid−surface interaction
force, Gσd1s, can be tuned to obtain different oil−water contact
angle values, and Gws = −Gos. As shown in Figure 2A, the water
phase forms a droplet on a solid surface due to the oil−surface,
water−surface, and oil−water interactions. The oil−water−
surface contact angle values can be calculated according to the
droplet width and height. With an increasing water−surface
interaction parameter Gws, the oil−water−surface contact angle
increases. In the process of CO2 huff-n-puff, CO2 diffuses into
the oil phase, which can alter the CO2/oil−water−surface
contact angle. As the CO2 pressure increases, CO2/oil−water−
surface contact angle gradually increases due to the strong
surface adsorption capacity of CO2.

31,69,70 The effect of CO2
on CO2/oil−water−surface contact angle is shown in Figures
2B and 3. In addition, as the CO2−surface interaction
parameter Gcs decreases, the CO2 adsorption capacity on the
solid surface increases, which increases the CO2/oil−water−
surface contact angle.

■ RESULTS AND DISCUSSION
Based on the SEM image, a conceptual model of fractures and
porous media is constructed to simulate CO2 huff-n-puff, as
shown in Figure 4.
In this section, the CO2 huff-n-puff process with water

saturation Sw = 0.2 based on the conceptual model is studied.
For water-wetting and oil-wetting porous media, Gws = −Gos =
−1 and Gws = −Gos = 1, respectively, and the corresponding
contact angles of water at XCOd2

= 0 are equal to 44.2 and
159.5°. Additionally, Gcs = −0.025. Then, the specific
simulation methods and steps are as follows. First, the water
phase is randomly distributed in 20% of total grids in porous
media, while the rest are filled by oil phase. Then, the oil−
water phase flow in porous media is driven by an external body
force Fb,x = 0.002 (to ensure that the water phase droplets can
be randomly distributed in the porous media). Due to the oil−
water interfacial force, the water phase gradually gathers and
distributes randomly in the porous media, as shown in Figure
5.
As shown in Figure 5, as time t increases, CO2 gradually

diffuses into, and oil is displaced out from, the porous medium.
Additionally, small amounts of water droplets in oil-wetting
pores overcome Jamin’s effect and are displaced out from the
porous media. As shown in Figure 6, due to Jamin’s effect of
water droplets in oil-wetting pores and the capillary resistance
of bridge-like water phase in water-wetting pores, CO2 cannot
diffuse into the oil phase, causing a large amount of oil
confined in porous media. Figure 7 shows the lattice storage
mass of CO2 in porous media versus time. As t increases, the
storage mass of CO2 increases.
Effects of CO2−Surface Molecular Interactions. Shale

matrix contains organic matter (kerogen) and inorganic matter
(quartz, feldspar, calcite, etc.), resulting in diverse CO2
adsorption capacities in various porous media. Therefore, in
this subsection, the effects of different CO2 adsorption
capacities on CO2 storage amount in oil-wetting and water-
wetting porous media under low water saturation conditions
are discussed. Gcs = 0, Gcs = −0.025, and Gcs = −0.05 are used

Figure 1. Relationship between the pressure difference of the droplet
and the reciprocal of the droplet radius in the Laplace test.
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to characterize different CO2 adsorption capacities. As Gcs
decreases, CO2 adsorption capacity increases.
Figure 8 presents the CO2 storage mass versus t and Gcs in

oil-wetting and water-wetting porous media, and Figure 9
shows the CO2 density distributions at lattice t = 100,000.
With a decrease of Gcs (an increase of CO2 adsorption
capacity), the near-wall CO2 adsorption density increases.

Then, CO2 easily diffuses into the oil phase along the pore
wall, and the CO2 mass in porous media increases gradually. In
the water-wetting porous media, the water contact angle in the
oil−CO2 miscible phase increases, and as Gcs = −0.05 and CO2
density increases, water attached to the surface gradually
detaches from the wall and forms droplets. In the process of
CO2 diffusion, the water droplets in the porous media can be
displaced and flow in pore-throat structures, and under certain
conditions (depending on the pore structure, the initial
distribution of the water phase, etc.), the water droplets can
also be displaced out of the porous media.
Effects of Water Saturation. In this subsection, the effect

of different water saturations (Sw = 0, 0.1, 0.2, 0.3, and 0.4) on
CO2 storage is investigated with five random water-phase
distributions used for each Sw case. The representative oil−
CO2−water distributions for each Sw case are shown in Figure
10. As Sw increases, the number and volume of droplets in the
pore throat of oil-wetting pores increase, which makes it

Figure 2. CO2/oil−water−surface contact angle vs Gws, Gcs, and CO2 mass content XCOd2
in the oil phase. (A) Gws, (B) Gcs and XCOd2

, Gws = −Gos =
−1.

Figure 3. Oil density distributions at different CO2 mass contents in
the oil phase, and Gcs = −0.025.

Figure 4. SEM image (A) and conceptual model of fractures and
porous media (B). Black: solid matrix; yellow phase: CO2; red phase:
oil; and blue phase: water. Left and right boundaries: periodic
conditions.

Figure 5. Oil−CO2−water distributions vs time. (A) Oil-wetting
porous media; (B) water-wetting porous media. Yellow phase: CO2;
red phase: oil; blue phase: water; and black phase: rock.

Figure 6. Oil, CO2, and water distributions in porous media, with t =
100,000. (A) Oil-wetting porous media and (B) water-wetting porous
media.

Figure 7. CO2 storage mass vs time.
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difficult for CO2 to diffuse into the depth of porous media. In
the water-wetting porous media, the water phase gradually

occupies the adjacent solid matrix and forms a bridge plug,
completely blocking CO2 diffusion. When Sw = 0, the evolution
of CO2 storage mass in oil-wetting porous media is shown, as
in Figure 11A. Until t = 250,000, CO2 diffusion does not reach
equilibrium. Through the exponential function fitting of the
mass−time curve, with t = ∞, the CO2 storage mass after
simulation equilibrium can be obtained. Figure 11B shows the
relationship between CO2 storage mass and Sw in oil-wetting
and water-wetting porous media. As Sw increases, Jamin’s effect
of water droplets in oil-wetting pores and the capillary
resistance of bridge-like water phase in water-wetting pores
become more pronounced. In addition, water phase occupies
more pore space in porous media, and the solubility of CO2 in
water is negligible compared to that in oil phase. As a result,
CO2 storage mass gradually decreases.
Effect of CO2 on Oil Relative Permeability Enhance-

ment. It is assumed that when CO2 and oil are miscible, oil−
CO2−water in porous media becomes a three-component two-
phase system. Based on the velocity and density distributions
of oil (nC8) and CO2-miscible phase in calcite pores from MD
simulations,22 the CO2/oil−water two-phase flow in calcite
porous media is simulated, and the effect of CO2 on the oil
relative permeability enhancement is discussed.
The flow parameters of the water phase in porous media are

fixed, independent of the oil mass percentage (OMP) in oil−
CO2 miscible phase. The bulk water viscosity μw,bulk equals 1
mP·s, while the near-wall water viscosity μw,wall = (− 0.018θ +
0.5)μw,bulk can be obtained from the work of Wu et al.71 The
contact angle θ in the viscosity calculation is 44.1° for OMP =
100%, while it is independent of OMP. The zero-boundary slip
velocity condition is adopted. The viscosity and boundary
conditions can be realized by the lattice viscosity and the slip
boundary combination parameter rw = 0.

13

Figure 8. CO2 storage mass in oil-wetting and water-wetting porous media vs t and Gcs. (A) Oil-wetting porous media and (B) water-wetting
porous media.

Figure 9. CO2 density distributions with different Gcs: (A) Oil-
wetting porous media and (B) water-wetting porous media.

Figure 10. Oil−CO2−water distribution vs water saturation Sw: (A)
oil-wetting porous media, Gws = −Gos = 1, and the contact angle of
water is 159.5°; (B) water-wetting porous media, Gws = −Gos = −1,
and the contact angle of water is 44.2°. Gcs = −0.025.

Figure 11. CO2 storage mass versus t and Sw. (A) Lattice time t, (B) water saturation Sw, and t = 250,000.
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The oil−CO2 miscible phase flow parameters are difficult to
obtain theoretically or experimentally. Therefore, these
parameters are determined according to the miscible velocity
and density distributions from the MD simulations by Zhang
et al.22 First, the external body force Fb,x, bulk oil−CO2
miscible viscosity, near-wall oil−CO2 miscible viscosity, and
near-wall oil−CO2 thickness are adjusted to fit the velocity
distributions for OMP = 92% from MD simulations. After the
fitting, these parameters can be used to simulate the oil/CO2−
water two-phase flow with OMP = 92%. Then, with fixed Fb,x,
the bulk oil−CO2 miscible viscosity, near-wall oil−CO2
miscible viscosity, and near-wall oil−CO2 thickness are
adjusted to fit the velocity distribution, with OMP equaling
76 and 50%.
The relative permeability calculations are given in eqs 6 and

7. The pure oil-phase velocity is necessary to obtain the pure
oil-phase relative permeability. However, in the simulation
process, due to the competitive adsorption of CO2 and oil
phase, the oil phase density is highly heterogeneous, and its
influence on the relative permeability cannot be ignored;
therefore, the density distributions of oil phase in the oil−CO2
miscible phase need to be determined. Based on the fitting of
density distributions from MD simulations, the density
distribution parameters of the oil−CO2 miscible phase on
the surface are obtained.49 According to the equal-area
principle (the specific fitting details can be found in our
previous work49), by adjusting the oil−surface force parameter
Gos and CO2−surface force parameter Gcs in eq 3, the density
fitting results are shown in Figure 12B. It is noted that Gos and
Gcs in density fitting are only used for the calculation of relative
permeability, and these are indicated in Table 1.
In our flow simulations, Gcs = −0.05 is used to characterize

the adsorption behaviors and the effect of CO2 phase on water
contact angles. With Gws = −Gos = −1, the contact angle can be
determined by Figure 2B. For OMP = 100%, the water contact
angle is 44.1°, while the oil contact angle equals 135.9°. As

OMP decreases, the CO2 mass content in oil−CO2 miscible
phase increases, and the water/oil−CO2 miscible phase
contact angle with Gcs = −0.05 increases/decreases. The
fitting parameters of OMP equal to 92, 76, and 50% used in
following flow simulations are given in Table 1.
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Figures 13 and 14 present the oil−water relative
permeability and distributions versus OMP. As OMP
decreases, the oil relative permeability decreases, while the
water relative permeability increases. It is because the
increasing CO2 content results in an increasing water contact
angle. When OMP = 92%, there is some irreducible water,
mainly in the form of a film existing on the pore wall or in the
geometry corner because of the strong water-wetting. In
addition, due to the water-wetting effect of the solid surface
under the small CO2 mass content, the distribution of the oil−

Figure 12. Velocity and density distribution of nC8 and CO2 from MD and LB simulations. (A) Velocity and (B) density.

Table 1. Parameters Used in Simulations

parameters

OMP

92% 76% 50%

bulk oil−CO2 viscosity/mPa·s 0.434 0.378 0.180
near-wall oil−CO2 viscosity/mPa·s 0.700 0.750 0.800
near-wall thickness/nm 0.45 0.45 0.25
water contact angle/° 68.5 94.4 119.7
oil−CO2 contact angle/° 111.5 85.6 60.3
Gcs, lu −0.33 −0.28 −0.16
Gos, lu −0.07 0.03 0.12
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CO2 miscible system is relatively dispersed. As OMP decreases,
the water contact angle increases, and the small amount of
water gradually changes from being a film to droplets and flows
in the porous media. Moreover, the distribution of the oil−
CO2 miscible system changes from being dispersive to
continuous. The irreducible water saturation approaches 0 in
the ideal porous media used in this study.

■ CONCLUSIONS
In this work, an improved MCMP-LBM is proposed to
investigate the effects of water phase on CO2 sequestration
during the CO2 huff-n-puff process, and the effects of oil−CO2
miscibility on oil−water flow behaviors and relative perme-
ability are also studied. The interfacial tension and effects of
oil−CO2 miscibility on the water contact angle are successfully
verified through the Laplace test and contact angle,
respectively.
The results show that with a decrease of Gcs resulting in an

increase in CO2 adsorption capacity, CO2 readily diffuses into
the oil phase along the pore wall, and the CO2 storage mass
increases gradually. Additionally, in water-wetting porous
media, water adsorbed on the pore surface gradually detaches
from the wall and forms droplets due to the altered water
contact angle by CO2. In oil-wetting porous media, a small
amount of water droplets can overcome Jamin’s effect and are
displaced out from the porous media. Due to Jamin’s effect of
water droplets in the oil-wetting pores and the capillary
resistance of bridge-like water phase in water-wetting pores,
CO2 cannot diffuse into the oil phase, causing a large amount
of oil confined in porous media. As water saturation increases,
Jamin’s effect and the capillary resistance of bridge-like water
phase become more pronounced. In addition, the water phase
occupies more pore space, and the solubility of CO2 in water is
negligible. As a result, the CO2 storage mass gradually
decreases.

By fitting the oil−CO2 velocity and density distributions in
calcite nanopores from MD simulations, the microscopic
parameters for oil−CO2−water three-component and two-
phase flow simulations in calcite porous media are obtained.
The results demonstrate that as OMP decreases, the oil/water
relative permeability decreases/increases. In addition, the
irreducible water content decreases. It is because the increasing
CO2 content results in an increasing water contact angle.
The porous media used in this work is conceptual and two-

dimensional. Therefore, all discussions are qualitative analyses
rather than quantitative calculations. Without considering high
computing resources, the proposed model can be extended to
simulate three-dimensional systems to accurately calculate the
CO2 geological storage mass considering the water saturation
and relative permeability.
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