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The complex phase behaviors of 0il-CO, immiscible diffusion and oil swelling in shale nanoscale space under the
influence of competitive adsorption caused by fluid-solid interaction force are still unclear, which is significantly
important for shale oil recovery and carbon sequestration. In this paper, a multi-relaxation-time lattice Boltz-
mann method integrating the two-phase two-component three-distribution Shan-Chen flow model and mass
transfer model is established to simulate the CO; diffusion through immiscible phase interfaces, oil-dissolved COy
competitive adsorption on the mineral surfaces, and oil swelling in nanoporous media. The proposed model is
verified by the microfluidic experiment to successfully capture the diffusion and swelling. Then, the effects of
equilibrium dissolution concentration and competitive adsorption on CO; diffusion/dissolution and oil swelling
are studied. The results show that as the equilibrium dissolution concentration increases, the dissolution rate of
CO, is accelerated, resulting in the increase of oil swelling volume and the dissolved CO2 adsorption concen-
tration. The mass of CO, diffusing into the oil phase increases with CO, adsorption capacity, but the oil swelling
volume decreases because of the increased CO5 adsorption on mineral surfaces.

1. Introduction

Shale reservoirs exhibit characteristics such as nanoscale pore
structures (2-200 nm), low porosity, low permeability, multiple mineral
compositions, and diverse fluid types (hydrocarbons, CO2, and water)
[1]. Unlike conventional scales, the behavior of multiphase and multi-
component fluids in nanoscale space is significantly affected by molec-
ular interactions, making them more complex and challenging to
characterize [2-4]. The complicated physical and chemical behaviors of
shale fluids include oil/gas single-phase flow considering nanoscale ef-
fects (e.g., slip, diffusion, heterogeneous fluid properties) [5,6]. Addi-
tionally, due to the infiltration of primary water and fracturing fluid into
the pore space via capillary force, the single-phase flow evolves into oil-
water and gas-water two-phase flows with additional consideration of
liquid-liquid interfacial slip [7-9]. As shale oil is extracted, the reservoir
pressure gradually drops below the bubble point pressure, causing the
low-molecular-weight hydrocarbon to precipitate and form an oil-gas
two-phase flow [10,11]. Shale reservoirs are generally developed
using COz injection, and the injected CO> can diffuse into the oil phase
through the immiscible/miscible 0il-CO; interface under varying
reservoir pressure and temperature conditions [12-14]. Meanwhile, due
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to the great adsorption of CO2 on mineral surfaces, CO, can competi-
tively adsorb and replace the adsorbed oil [15,16]. When the adsorbed
CO4, reaches saturation, CO5 can be miscible with the bulk oil to cause
the oil swelling and viscosity reduction, which ultimately affects 0il-CO,
immiscible/miscible flow behaviors [17]. However, compared to oil/
gas/water multiphase flows, accurately characterizing the behaviors of
0il-CO, phase change, diffusion, competitive adsorption, and oil
swelling still confronts significant challenges, which is not only of great
significance for enhancing shale oil recovery but also friendly to the
green environment through CO; geological sequestration.

Under different pressure and temperature conditions, CO5 and un-
derground fluids phases exhibit different and unique physical and
chemical behaviors [18-22]. With the pressure and temperature
reaching 7.38 MPa and 31.2 °C, CO», transitions from a gaseous state to a
supercritical state, demonstrating the physical properties of increasing
density, near-zero surface tension, and lower viscosity [23-25]. Super-
critical CO4 also exhibits excellent injection performance and solubility,
effectively supplementing formation energy [26]. When the reservoir
pressure reaches the minimum miscibility pressure (MMP), CO, and
shale oil lose their distinct phase interface characteristics, resulting in
zero interfacial tension. Over sufficient time, CO5 and oil can be
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Fig. 1. The schematic diagram of miscible diffusion and immiscible diffusion of CO, droplets into the oil phase. (A) Miscible diffusion. Both oil and CO, phases are
characterized by a two-distribution D2Q9 LB flow model; (B) Immiscible diffusion. The oil, dissolved CO,, and immiscible CO, phases are characterized by a three-
distribution D2Q9 LB flow model. The dissolved CO, is also characterized by a D2Q5 LB mass transfer model. The gradual change in colour from yellow to red in the
oil phase indicates the decrease of dissolved CO, concentration. Yellow: CO,, Red: oil. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

completely miscible, further enhancing recovery. Li et al., 2017 indi-
cated that the injection pressure should be higher than the MMP to
achieve higher shale oil recovery [24]. However, the MMP between
shale oil and CO, can be up to 23 MPa [27,28], and maintaining the
complete miscible pressure during CO, huff-n-puff and production
processes is challenging [29]. Even if the MMP cannot be reached to
form a complete miscible phase under reservoir conditions, CO can still
diffuse into oil through the interfacial region until the dissolved CO5
concentration in the oil phase reaches the equilibrium dissolution con-
centration, and exert the oil swelling and viscosity reduction. The
diffusion process of CO, through an immiscible interface is elucidated in
detail in Fig. 1B. Yu et al., 2021 investigated the impact of injection
pressure on shale oil extraction using CO; in an immiscible state. The
results indicated that the higher injection pressures enhance CO5 solu-
bility in the oil phase and accelerate mass transfer effect [30]. On the
contrary, as the reservoir pressure decreases, miscible COy in the oil
phase tends to precipitate out to form gas bubbles due to the decreasing
solubility.

The efficiency of injected CO; relies on the development of the phase
behavior effect between oil and CO», which depends on the contact time,
diffusion path, diffusion rate, and solubility [31,32]. Additionally, in the
nanoscale space, it is further affected by the 0il-COy competitive
adsorption on mineral surfaces, which is dictated by their differing af-
finities for mineral surfaces [17]. Zhang et al., 2021 investigated the
influence of CO, mass content in shale oil phase on the viscosity
reduction and the oil flow. The results revealed that when the CO5 mass
percentage is less than about 19 %, approximately 93 % of the CO is
adsorbed on mineral surfaces, while about 7 % of CO» in the bulk oil has
a negligible impact on reducing viscosity and enhancing flow [33]. Moh
et al., 2022 investigated the CO» diffusion into the nanopore-saturated
oil through molecular simulation, demonstrating that CO. diffuses
along the solid surface into the pores due to COy adsorption [34].
Therefore, under varying pressure and temperature conditions, oil and
CO; can undergo complex processes of both miscible and immiscible
diffusion. Additionally, the fluid-solid interaction force in the nanoscale
space cannot be ignored, causing the 0il-CO, competitive adsorption
behaviors. Understanding the complex 0il-CO5 phase behaviors is
crucial for enhancing shale oil recovery and CO; geological storage.

These behaviors are challenging to elucidate through experiments or
conventional numerical simulations [35,36]. Molecular simulations,
while powerful, are constrained by computational resources and typi-
cally focus on single nanopores [37].

Alternatively, the microscopic interaction mechanisms can be
effectively elucidated through pore-scale simulation methods, including
both indirect and direct simulation methods [38-40]. The indirect
simulation method generally refers to pore network models, widely
applied for single-phase flow, immiscible multiphase flow, and diffusion
behaviors [41]. However, they may not fully capture interface charac-
teristics and competitive adsorption phenomena in 0il-CO, miscible/
immiscible systems. Moreover, due to the simplified pore-throat struc-
tures, the calculation results may lack a certain accuracy. For the direct
simulation methods, Zhu et al., 2024 presented a CFD-based workflow to
simulate CO3-o0il miscible flooding in tight porous media, and discussed
the effects of Péclet number, microfracture, and adsorption/desorption
on CO; storage and oil production. However, this method cannot be
applied to the diffusion of 0il-CO5 immiscible-phase systems, and the
dynamic processes of adsorption/desorption are not intuitive [42]. The
lattice Boltzmann method (LBM) is a popular direct simulation method,
which is widely used to model the complex physical and chemical be-
haviors of multicomponent and multiphase fluids [43-46]. The multi-
phase LBM mainly includes colour-gradient model [47],
pseudopotential model [48] and free-energy model [49], in which the
pseudopotential model proposed by Shan-Chen stands out as the most
popular due to its simplicity and versatility [50]. Compared with the
Bhatnagar-Gross—Krook (BGK) collision operator used in the original
Shan-Chen model, the multi-relaxation-time (MRT) model has gained
widespread adoption in recent years due to the advantages of numerical
stability [51,52]. LBM can effectively capture the CO5 diffusion char-
acteristics and competitive adsorption characteristics [15,53,54]. Wang
et al., 2022 developed a lattice Boltzmann (LB) model to study 0il-CO4
diffusion and competitive adsorption behaviors in shale porous media.
However, their model is limited to pressure conditions above the MMP
[17]. When the formation pressure is smaller than MMP, CO5 diffuses
into the oil phase through the immiscible 0il-CO; interface. Currently,
LBM is generally applied to simulate the diffusion/dissolution between
CO2/methane and water phase to explore mineral dissolution and
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Table 1
Comparison of the proposed methodology and previous work.

Property Previous work [17] Proposed methodology
Number of phases one two
. . two-distribution three-distribution
Governing equations of flow . .
function function
Governing equations of
o \ 1
diffusion
. 0il-CO, miscible Qil-CO, immiscible
Physical problem behavior behavior

hydrate dissolution [55-57], however, this method is limited to con-
ventional scales and does not account for the fluid-solid interaction
forces in nanoscale space. Moreover, the forms of dissolved CO; in oil
and water are fundamentally different. In the water phase, CO5 exhibits
low solubility, mainly exists in the form of ions, exerting a weak impact
on the viscosity and density of water. However, a large amount of COy
can be dissolved in oil as the pressure increases, as a result, CO, is
miscible with the oil phase in the form of an important component. The
dissolved COy can substantially impact the viscosity, density and
swelling factor of the oil phase [33]. The current LB models are inade-
quate for the complicated 0il-CO, phase behaviors in nanoporous media
with reservoir pressure below MMP.

Therefore, in this work, the LBM coupling the multiphase multi-
component flow model with a mass transfer model has been established
to simulate the CO., diffusion through the immiscible interface, 0il-COy
competitive adsorption on mineral surfaces, and oil swelling. The effect
of dissolved CO; and adsorption on the 0il-CO5-solid three-phase contact
angle is considered. Subsequently, the innovative model is verified by
the microfluidic experiment. Comparative analysis of miscible and
immiscible diffusion and competitive adsorption follows, focusing on
the diffusion/dissolution of CO, droplets and 0il-CO5 competitive
adsorption on mineral surfaces. Finally, the diffusion/dissolution of CO5
into the porous media-saturated oil phase is simulated, and the effects of
equilibrium dissolution concentration and CO2 adsorption capacity on
CO,, diffusion/dissolution and oil swelling are studied.

2. Methodology based lattice Boltzmann model
2.1. Multicomponent and multiphase flow model

In our previous work, a two-component two-distribution MRT LBM
was constructed to investigate the 0il-CO, miscible diffusion and
competitive adsorption processes under pressure conditions exceeding
the MMP [17]. As shown in the schematic diagram of miscible diffusion
in Fig. 1A, there is no distinct phase interface between CO» and oil
phase. When the simulation system stabilizes, oil and CO, become
completely miscible, and the amount of CO, dissolved in the oil phase
cannot be controlled. When the pressure is below the MMP, the oil and
CO;, phases form an immiscible system with a clear interface. COz has an
equilibrium dissolution concentration in the oil phase, allowing it to
diffuse into the oil phase region through the immiscible 0il-CO: interface
until the dissolved concentration reaches this equilibrium value at
different temperatures and pressures. The diffusion of CO: droplets into
the oil phase through the immiscible interface is depicted in Fig. 1B,
with the diffusion direction indicated by the solid arrow. At this time,
the whole system consists of two phases: CO2 droplets (immiscible CO2)
and the miscible 0il-CO: phase (a mixture of oil and dissolved COz). The
novelty of the proposed methodology compared to previous works is
summarized in Table 1.

A two-phase two-component three-distribution MRT LBM based on
Shan-Chen schema is developed to capture the interfacial characteristics
of immiscible 0il-CO5 and the competitive adsorption behavior of oil and
dissolved COq. The three distribution functions correspond to oil,
immiscible CO,, and dissolved CO,. Fig. 1B illustrates that the two of
three-distribution governing equations are applied to describe the
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immiscible behavior of oil and CO,. Since the mass transfer model
cannot describe the adsorption of dissolved COjy, the third governing
equation is used to characterize the dissolved CO; in the oil phase,
thereby enabling the capture of competitive adsorption behaviors. The
general form of the governing equation is given as follows [52].

c

A
m, =m, —A(m, —m%) +5, <I 7§> S, +MG5R, )
where m, = Mf,(x + €,5;,t + &), m, = Mf,(x,t), m& = Mf? are the
density distribution function for the moments, f,; is the density distri-
bution function at position x and time t, J; is the time step, o represents
different components, and 6 = 0, ¢ — o, c represents oil phase, dissolved

CO4 in the oil phase, and immiscible CO5 phase respectively, a = 0,1, 2,
...8 is the velocity directions, f:! is the equilibrium density distribution

function, 1 is the unit tensor, A=

-1 -1 -1 -1 -1 -1 -1 -1 1) ; ; ;
(Tﬂ T T T T T T T, ) is the relaxation diagonal ma-

; -1 1 _ -1 _
trix, and =1 =1t =1
ulation,r = v/ (cf&t) + 0.5 is relaxation time related to the multiphase

11 _ -1 _ ; i
=71, =11,7," =1/7in our sim-

and multicomponent flow, v is lattice kinematic viscosity, ¢, = 1/+/3 is
sound speed, R, is the source term related to the phase change. M is the
transformation matrix,

1 1 1 1 1 1 1 1 1
-4 -1 -1 -1 -1 2 2 2 2
4 -2 -2 -2 -2 1 1 1 1
0 1 o -1 0 1 -1 -1 1
M=(0 -2 0 2 0 1 -1 -1 1 (2)
0o 0 1 o -1 1 1 -1 -1
o o0 -2 0 2 1 1 -1 -1
0 1 -1 1 -1 0 0 0 O
o o0 o0 o0 o0 1 -1 1 -1

S, is the forcing term in the moment space, and the external total

force is defined by F, = M <I - %) S,,
_ . )
6 (L F o+ ULE, )
~6 (L Fx + UL F, )
Fn‘.x
so = —Fsx (3)
F,

oy
7Frr‘y

2 (o — ULF )

(st Foy + UL F)

The equilibrium velocity in Eq. (3) is expressed as

- @

eq
u,

where p,, is the density with p, = 3 f, 4, U, is velocity of component o,
a
and is given by

u, = (ummuw) — M (5)
Po

In the simulation of a multicomponent system, three primary inter-

action forces are employed, that include the fluid-fluid interaction force

(F,in), which captures the interfacial characteristic, the fluid-solid

interaction force (F,.4s), which controls the wettability and the

adsorption, and the body force (F,;), which drives the fluid flow.

Consequently, the external total force can be redefined as F, =
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(Fo.xy Fay) = Foint + Foads + Fop-
The fluid-fluid interaction force F, ;, is given by [50].

G”l 01 ZW(‘E,AZ )Wm (x + efl&f)ea
a
By i(,6) = —y,, (x) | +CmmY_w(leal” )y, (x +euties | 6)

+Go, 0, ZW(Iea * )u/@ (x + €q0;)eq

where y, =1-—exp(—p, ) is a pseudopotential, w(|ea\2) is the
weight, and w(1) =1/3,w(2) =1/12. G,, ;, is an interaction parameter
of the same fluid, G,, ,, and G, 4, are the fluid-fluid interaction pa-
rameters controlling phases separation and miscibility, for oil-dissolved
CO», oil-immiscible CO,, and dissolved CO»-immiscible CO, the inter-
action parameters are G,c, = 1, G = 2.1, G.c—, = 2.1, respectively.

To capture the ideal wettability of oil and immiscible CO», the fluid-
solid interaction force F, 44 of oil and immiscible CO; can be expressed
as [58].

Foaas(X,t) = — Goaas/s(X, t)ZW(\ealz )sf(x +€e40:)eq, @)

where G, o4s is a fluid-solid interaction parameter and expressed by G, a4s
and G_ o4 for oil and immiscible COj, s is an indicator parameter that
equals 0 and 1 for fluid and solid regions, respectively.

Eq. (7) is exclusively applied to both the oil phase and immiscible
COs phase. To simulate the competitive adsorption behaviors between
oil and dissolved CO;, an exponential force scheme is employed to
characterize the dissolved CO,-solid interaction force F._, 545 at various
positions, where the interaction force decreases with increasing distance
from the solid surface. Meanwhile, Eq. (7) is applied to fix the oil-solid
interaction force value, and then the competitive adsorption of the oil
phase and dissolved CO, can be modeled. The dissolved COj-solid
interaction force is shown below [59].

Fc—o.ads (X; t) = - Gc—o,adsl//(x7 t)zei‘x"‘/}vem (8)

where G._,4s is a CO2-solid interaction parameter, X, is the distance
from the solid surface in direction a. Immiscible CO, is assumed to not
adsorb on mineral surfaces, while only dissolved CO2 can adsorb, thus
competing with the oil phase for adsorption. Therefore, Eq. (8) is
exclusively used to calculate the dissolved CO»-solid interaction force in
the oil phase.

2.2. Mass transfer model

To describe the process of CO5, diffusion/dissolution in the oil phase,
the LB model with D2Q5 scheme is applied [60], and the evolution
equation is given by

8a (X + €40, t+ 5t) — 8 (X, t) = - Tl (ga (X, t) - gf;q (X, t) ) 5 (9)
b4

where g, is the concentration distribution function for the dissolved CO»,
14 is relaxation time related to the CO. diffusion, = 0,1,2, ..., 4 is the
velocity directions of the D2Q5 model, g/ is the equilibrium dissolution
concentration distribution function,

ﬁ:0h+%w+ (10)

where C = )" g, is CO; solution concentration, J, is calculated by the
rest fraction method, and is shown below [60].

_ J() a=0
%_{ﬂfhﬂ4a:LZ&4’ an
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N

Fig. 2. The enlarged image of region A in Fig. 1, shows the immiscible 0il-CO,
interfacial region and grid distribution.

where Jj is a free parameter ranging from O to 1.

The effective diffusion coefficient of CO; is defined by Eq. (12), and
the validation of the mass transfer model can be found in our previous
study [57].

1
D:E(I—JO)(Tg—O.S) 12)

2.3. Phase change on 0il-CO; interface

The dissolved concentration of CO at the 0il-CO5 interface is gov-
erned by Henry’s law, as demonstrated in Eq. (13). The subscript co
represents the immiscible 0il-CO interface region, c-co is the CO2 phase
which is a single-layer lattice near the oil phase, and as shown at point a
in Fig. 2. Fig. 2 provides an enlarged view and lattice distribution of
region A in Fig. 1. The oil-immiscible CO, interface is determined by the
free parameter density threshold.

Ceqlc—co = H'pC027 (13)

where C,, is the equilibrium concentration of dissolved CO, under

specific pressure and temperature conditions. The CO; concentration in

a single-layer lattice near the oil phase is ensured a constant value Ceq
until the concentration of dissolved CO, is equal to Ceq.

During the process of CO- dissolution, the dissolved CO; contributes

to the decrease of the immiscible CO3 mass p._., = Y fe—coq, and the
a

increase of dissolved CO2 mass p,,_, = D feo—0q« at two adjacent time
a

steps, co-o is a single-layer lattice which is in the oil phase and near the
CO; phase, and the location is shown at point b in Fig. 2. For the per-
centage of mass decrease or increase at the c-co and co-o region, we
proportionally decrease or increase the density distribution function in 9
directions of the corresponding lattice. Consequently, the source term
for immiscible CO5 and dissolved COs in the oil phase in Eq. (1) can be
calculated as

Rc.s ‘z—m = 7fc,a ( (Z (Ceq']asgl (Xfe(xét) 7gasgl (X+ea§t) )Mc> /ch.a) k]

14)

Rc—o,s |cafc :fc—o.a ( (Z (gaSgZ (X + eaﬁt) _g:SgZ (X - ea‘st) )Mc> /cho.a) ’

(15)

where s¢; and sg; are the indicator parameters, and sy; equals 1 and O for
the regions of oil and CO, phase, sg» equals 0 and 1 for the regions of oil
and CO5 phase, g, o, is the post-collision and pre-migration concen-
tration distribution function. Using points a and b in Fig. 2 as examples,
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Fig. 3. Workflow of simulation.

Egs. (14) and (15) can be reduced to Eqs. (16) and (17). At pointa, g =
CeqJ1 and go = C,qJ> are concentration distribution functions calculated
by equilibrium dissolution concentration, and after migration, they
diffuse into the oil phase region, resulting in a decrease in CO5 con-
centration. g3 and g4 are migrated from the oil phase region, increasing
CO concentration. Therefore, the net decrease value in the CO5 con-
centration at point a is CeqJq1 + CeqJ2 — g3 — 84, then, according to the net

decrease value, the density distribution function f,,| of point a in 9
a

directions is reduced in equal proportion. At point b, g and g, are
migrated from the immiscible CO5 region, increasing CO5 concentration.
gs and g4 are the concentration distribution function that migrates into
the immiscible CO; phase, causing the concentration value to decrease.
Therefore, the net increase value in the CO3 concentration at point b is
&1 + & — g3 — &4, then the net increase value is distributed proportion-

ally to the density distribution function f, ,4 . in the 9 directions of

point b.
Rc.x|a = 7fca (((Cqul + Cqu2 —& 7g4)Mc )/ch.a) . (16)
Rc—o.s{b :fc—u.a (((& +g2 7§3 7?4)Mc )/cho.a ) . (17)

The adsorption effect on the solid surface significantly influences the
CO4 dissolution [17]. Since the adsorption effect of CO2 cannot be
considered by the mass transfer model, when the CO, concentration
reaches the equilibrium dissolution concentration C,, the equilibrium
dissolution concentration of CO5 in the flow model is lower than the
given equilibrium dissolution concentration C., due to the substantial
amount of CO5 adsorbed near the solid surface. To ensure that CO:
continues to diffuse in the mass transfer model, it is necessary to modify
the CO:z concentration in the adsorption region based on the adsorption
effect calculated by the flow model. First, the adsorption effect is
simulated by Eq. (8) to determine if the adsorption concentration ex-
ceeds the equilibrium dissolution concentration. If the adsorption

concentration is greater than a certain difference value, the CO3 con-
centration at the corresponding position in the mass transfer model
decreases the corresponding difference value. This difference value is
proportionally allocated to the concentration distribution function in
five directions. As a result, the equilibrium dissolution concentration of
CO3 in the multicomponent multiphase flow model is effectively guar-
anteed to be equal to the given equilibrium dissolution concentration
Ceq-

2.4. Workflow of simulation

In the simulation, lattice and physical units are converted using the
constants for length scale Lo =1 x 1071 m, time scale Ty = 2 x 1071 s
and mass scale My = 8 x 10728 kg. Throughout this paper, lattice units
are consistently denoted as “lu”. In the multicomponent and multiphase
flow model, the CO; concentration in the oil phase is expressed as Cco, =
%fc,o,al‘f—g“ wolioMﬁ mol/L, where M. = 0.044 kg/mol represents COo

molar mass. To facilitate the calculation of the source term between the

flow model and the mass transfer model, the density distribution is

utilized in the mass transfer model. Consequently, the concentration

distribution in the mass transfer model can be derived from the density

distribution Ceo, = Zgalf—g m mol/L. Additionally, we assume that
a

lattice densities (p;) of both oil and immiscible CO5 are equal to 1 lu,

with the corresponding physical density denoted as p, = 1 x —30 =

800 kg/m®. The methodology demonstrates excellent scalability and
adaptability, making it well-suited for studying the phase behavior of
CO3 and realistic crude oil. Since the original LB model based on the
Shan-Chen schema cannot accurately characterize the high 0il-CO4
density ratio, a realistic crude o0il-CO2 density ratio under different
pressure and temperature conditions can be achieved by incorporating
an equation of state (such as Peng-Robinson and Carnahan-Starling) to
the fluid-fluid interaction force F,i [8,61,62]. Subsequently, the
equilibrium dissolution concentration and diffusion coefficient of CO; in
crude oil under varying temperature and pressure conditions can be
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Fig. 4. Component and phase distribution. (A) Density distribution of immiscible CO; droplets based on Eq. (1), and physical density is p, = p; x %3?’ (B) Density

distribution of oil phase based on Eq. (1), (C) Concentration distribution of dissolved CO in the oil phase based on Eq. (1), and the physical concentration dis-
tribution can be defined by C.,, = Efc—o.a% m mol/L, (D) Concentration distribution of dissolved CO, based on Eq. (9), and the physical concentration dis-
a 0 <

tribution is Ceo, = Zga%a;’ Toooar. MOl/L.
a

determined using molecular simulation or experimental methods
[34,63]. Finally, the diffusion/dissolution and competitive adsorption
behaviors of CO5 in realistic crude oil can then be simulated according to
the modified model with the equilibrium dissolution concentration and
diffusion coefficient. Meanwhile, the methodology is applicable to
studying the oil-phase behavior in various oil reservoirs, including shale
oil, tight sandstone oil, and conventional sandstone oil reservoirs. In
conventional sandstone porous media, the pore size is significantly
larger than the molecular size, allowing the adsorption effect of 0il-CO,
on mineral surfaces to be neglected. Thus, the corresponding simulation
can be conducted by adjusting the fluid-solid interaction force param-
eter G._,aqs in Eq. (8) to 0.

The workflow of the simulation and the corresponding equations are
depicted in Fig. 3. First, the phase distribution and velocity of immis-
cible CO3, oil, and dissolved CO5 are calculated by the three-distribution
Shan-Chen LB flow model. In the flow model, wettability and competi-
tive adsorption are captured by fluid-solid interaction force, while
immiscible interfacial tension (IFT) and miscible behavior are captured
by the fluid-fluid interaction force. Based on the physical model in
Fig. 1B, a CO:z droplet is positioned within the oil phase and the pe-
ripheral boundary is the solid boundary. The calculation results of the
flow model are shown in Fig. 4A-C, where (A) shows the density dis-
tribution of immiscible CO,, (B) shows the density distribution of the oil
phase, and (C) shows the concentration distribution of dissolved CO5 in
the oil phase. The dissolved CO3 gradually diffuses from the immiscible
0il-CO; interface into the oil phase and is adsorbed on solid surfaces.
Next, a mass transfer model is employed to simulate the CO; diffusion

180
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o
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through the 0il-CO; interface. The results are depicted in Fig. 4D, where
the equilibrium dissolution concentration is 0.04 lu. Therefore, the CO,
concentration at the 0il-CO; interface is 0.04 lu, and CO, gradually
diffuses into the oil phase due to the concentration difference. The
source term of immiscible CO5 and dissolved COs in the flow model is
calculated based on the diffusion amount, ensuring precise control over
the CO: dissolution rate and equilibrium dissolution concentration.

3. Model verification
3.1. Contact angle

The contact angle between immiscible CO, and oil phase is governed
by Eq. (7), where the relationship between the oil-solid interaction force
(Go ads) and CO»-solid interaction force (G ags) in EqQ. (7) is Goads = —
Gcads- Without considering CO, dissolution in the oil phase, the
dependence of immiscible CO5 contact angle on the CO3-solid interac-
tion force (G, aqs) is illustrated in Fig. S5A. By selecting the appropriate
G ads> the desired wettability characteristics can be obtained. Then, the
immiscible CO, contact angles of 26.48° and 122.20° are selected to
conduct the simulations of CO; dissolution in the oil phase, exploring the
effects of dissolved CO on the immiscible CO, contact angles. As shown
in Fig. 5B, with the increase of CO, diffusion time, the concentration of
dissolved CO; in the oil phase increases, leading to an increase in the
immiscible CO, contact angle, which can be explained by Young’s
equation and surface adhesion. Without considering the CO5 diffusion/
dissolution in the oil phase, the immiscible CO, contact angle can be
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Fig. 5. The variation of contact angle with CO,-solid interaction force parameter G, .45, adsorption capacity G._, ,4s and CO, diffusion time. (A) CO»-solid interaction
foece parameter G, ,qs and adsorption capacity G._,a4s Without considering CO, diffusion and dissolution in the oil phase; (B) CO, diffusion time considering CO,
diffusion and dissolution in the oil phase, and the inset figure is the distribution of CO, concentration in the oil phase. The physical time t, can be expressed as t, =t x

Ty, t is lattice time.
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Fig. 6. Comparison between the swelling factor calculated by LB simulation and microfluidic experiment [17]. (A) Dynamic swelling factor versus pressure; (B) the

density distribution of oil phase at pressures of 9.45 MPa and 15.66 MPa.

characterized by Young’s equation cosf = (yy, — 7s.)/7c0» Where y,, and
75 are the oil-solid and immiscible CO,-solid surface tension, y,, is the
0il-CO; interfacial tension between the oil and immiscible CO5 phases.
The fluid-solid surface tension approximates the fluid-solid surface
adhesion, which is defined by the attraction between the fluid-solid
molecular species [64]. As CO; diffuses into the oil phase, the adsorp-
tion capacity of CO; is greater than that of the oil phase, resulting in an
increase in surface adhesion between the oil-dissolved CO, phase and
the solid, which consequently increases the surface tension. According
to Young’s equation, as y,, increases, the contact angle increases. Due to
the particularity of LB simulation based on the Shan-Chen scheme, a
small amount of immiscible CO is dissolved in the oil phase to stabilize
the model. Therefore, due to the enhancement of the fluid-solid force of
immiscible CO, (the smaller the G._,.4s value, the stronger the
adsorption capacity of dissolved CO3), the CO, contact angle will in-
crease, as shown in Fig. 5A.

3.2. Verification with microfluidic experiment

The competitive adsorption validation of the proposed model can be
found in our previous studies [17]. In this paper, only CO, dissolution
and oil swelling behavior are verified. The results from the microfluidic
experiment are then used to verify the proposed model excluding
competitive adsorption. Recently, a microfluidic experiment was con-
ducted to investigate the swelling effect during CO2 dissolution in the oil
phase with CO5 pressure ranging from 5.11 MPa to 15.66 MPa [65]. The

swelling degree is expressed by the swelling factor, which is defined as

the ratio of the oil volume after swelling to the oil phase volume at 5.11

MPa pressure. In the simulation process, we first set the equilibrium

dissolution concentration of dissolved CO5 to 10.896 mol/L when the

COg pressure is 15.66 MPa, and then simulate CO, diffusion and oil
swelling. When the lattice time is equal to 364,000 lu, the swelling factor
approximates the experimental swelling factor of 1.39. Then, according
to Henry’s law Ceqlc—co = H-pco,, the CO3 equilibrium dissolution con-
centration is proportional to the CO, pressure, and the corresponding
dissolution equilibrium dissolution concentration is determined to range
from 3.54 mol/L to 10.90 mol/L with pressure varying from 5.11 MPa to
15.66 MPa. The simulation is then conducted using the corresponding
equilibrium dissolution concentration of CO5 under different pressures
to achieve a perfect match between the simulated swelling factor and the
experimental swelling factor. The results, presented in Fig. 6, indicate
that the proposed model can successfully capture the phenomenon of
CO-, diffusion and oil swelling.

4. Results and discussion
4.1. Miscible and immiscible diffusion and adsorption

In our previous work, the 0il-CO miscible diffusion and competitive
adsorption processes were investigated [17]. As depicted in Fig. 7, a

simplified physical model of the 0il-CO; system is established, featuring
a central circular region representing CO,, surrounded by oil. The lattice
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0.2
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Adsorption

®,

0.1

0.05

B)
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Fig. 7. The distribution of CO, concentration during CO, diffusion. (A) Miscible diffusion [17]; (B) immiscible diffusion, and the white circular region represents

immiscible CO, droplets.
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Fig. 8. The distribution curve of CO, concentration along the central axis of the model (red line in Fig. 7A) during CO, diffusion. (A) Miscible diffusion; (B)
immiscible diffusion. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. The distribution of dissolved CO, concentration at different equilibrium dissolution concentrations. (A) Celc—co = 0.041u = 0.73 mol/L; (B) Ceglc-co =

0.06 lu = 1.09 mol/L, (C) Ceqlc-co = 0.08 lu = 1.46 mol/L.

size of the physical model is 100 x 100, corresponding to a physical size
of 10 x 10 nm under the length scale of Ly = 1 x 1071° m. The four
boundaries of the physical model are the solid, where the competitive
adsorption of oil and dissolved CO2 phases can occur. Fig. 7A and B
illustrate the distribution of CO, concentration under the conditions of
CO4 miscible and immiscible diffusion, respectively. Fig. 8A and B show
the distribution curve of dissolved CO; concentration along the central
axis of the model. In Fig. 8B, the concentration of the immiscible CO5
droplets is not considered. During miscible diffusion, there is no distinct
0il-CO; interface. Competitive adsorption occurs on the solid surface,
with the adsorption concentration of CO, gradually increasing over
time. In immiscible diffusion, the equilibrium dissolution concentration
of CO3 is Ceglc—co = 0.041u = 0.73 mol/L, and the dissolved CO2-solid
interaction force parameter is G._oa4s = — 0.1, indicating that the
adsorption capacity of dissolved CO is greater than that of the oil phase.
Then, as time increases, CO, gradually diffuses into the oil phase,

leading to a decrease in the volume of CO5 droplets. Simultaneously, the
concentration of dissolved CO3 in the oil phase, away from the solid,
gradually increases and approaches the equilibrium dissolution con-
centration, while the adsorption concentration of CO5 on the solid sur-
face increases.

4.2. Diffusion and dissolution of CO2 droplets

Subsequently, the same physical model, detailed in section 4.1
Miscible and immiscible diffusion and adsorption, is applied to
simulate the CO2 droplets’ diffusion/dissolution and competitive
adsorption under varying equilibrium dissolution concentrations and
adsorption capacities. Fig. 9 illustrates the distribution of dissolved CO4
concentration under various equilibrium dissolution concentrations. As
an increasing equilibrium dissolution concentration, it can be intuitively
observed that the dissolved CO, concentration increases when lattice
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Fig. 10. The distribution curve of dissolved CO, concentration at different equilibrium dissolution concentrations. (A) t = 25000 lu; (B) t = 150000 lu.
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Fig. 12. The distribution curve of dissolved CO, concentration at different adsorption capacities. (A) t = 25000 lu; (B) t = 150000 lu.
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Fig. 13. Conceptual model, and 0il-CO, density/concentration distribution with Ceglc-co = 0.3 1u = 5.45 mol/L, G._oa4s = —0.1 and t = 10000lu. (A) Conceptual
model, red: oil phase, yellow: immiscible CO,, black, solid matrix; (B) Density distribution of immiscible CO, based on Eq. (1); (C) Concentration distribution of
dissolved CO, based on Eq. (1); (D) Density distribution of oil phase based on Eq. (1); (E) Concentration distribution of dissolved CO, based on Eq. (9). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

equilibrium dissolution concentration is 0.041lu = 0.73 mol/L and
0.06 lu = 1.09 mol/L, CO, droplets still exist after the system equilib-
rium. However, when the equilibrium dissolution concentration is
0.08 lu = 1.46 mol/L, CO; droplets are completely dissolved upon sys-
tem equilibrium. Fig. 10 illustrates the dissolved CO5 concentration
along the central axis of the model (as indicated by the red line in
Fig. 7A) under different equilibrium dissolution concentrations. As the
equilibrium dissolution concentration increases, the dissolved CO;
concentration in the bulk phase area gradually increases, while the
adsorbed dissolved CO5 concentration in the near-wall region also
gradually increases.

When the CO, droplets gradually dissolve into the oil phase, the
dissolved COq diffuses driven by the concentration gradients. As dis-
solved CO; reaches the near-wall region, the strong fluid-solid interac-
tion force promotes the competitive adsorption of oil and dissolved CO»
phases, resulting in a higher concentration of dissolved CO; near the
wall compared to the bulk region. Fig. 11 illustrates the distribution of
dissolved CO2 concentration at different dissolved COy adsorption

=/ | [
t=1000 lu t=10000 Iu

capacities. As the dissolved CO,-solid interaction force parameter de-
creases from —0.05 to —0.15, the adsorption capacity for dissolved CO5
increases. Consequently, the dissolved CO2 concentration in the near-
wall region gradually increases, as illustrated in Fig. 12. Meanwhile,
because of the rapid adsorption of CO,, the concentration of dissolved
COq in the bulk region decreases, as depicted in Fig. 12A. When the
dissolved CO; concentration in the bulk region eventually equals the
equilibrium dissolution concentration, the volume of CO, droplets de-
creases due to the increasing dissolved COg adsorption capacity,
resulting in more dissolved CO, adsorbed on the solid surface, as the
distribution curve of dissolved CO, concentration given in Fig. 12B.

4.3. Effect of equilibrium dissolution concentration
According to the physical process of CO5 huff and puff extraction of
shale oil, a physical model is established to simulate this process. The

physical model is shown in Fig. 13A, where the oil phase is saturated in
the middle circular nanoporous media, and CO; is saturated around the

04

0.2

t=150000 Iu

Fig. 14. The distribution of dissolved CO, concentration with different equilibrium dissolution concentrations. (A) Celc—co = 0.21u = 3.63 mol/L; (B) Ceglc—co =

0.3 Iu = 5.45mol/L; (C) Ceglc—co = 0.41u = 7.26 mol/L.
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porous media. The lattice size of the physical model is 600 x 600, and
the corresponding physical size is 60 x 60 nm under the length scale of
Lo =1 x 1071 m. The upper, lower, left, and right boundaries are pe-
riodic boundary conditions, and the competitive adsorption boundaries
of the oil and dissolved CO5 phases on the solid surface are calculated by
Eq. (8). During the simulation, CO, gradually diffuses into the oil phase
and is adsorbed on the solid surface, while the oil swells. When the
equilibrium dissolution concentration equals to 0.3 lu = 5.45 mol/L,
the immiscible CO, density distribution, dissolved CO, concentration
distribution, and oil phase density distribution are shown in Fig. 13B-E.

Then the effects of equilibrium dissolution concentration on COy
diffusion, competitive adsorption, and oil swelling are studied and dis-
cussed. Fig. 14 illustrates the distribution of dissolved CO; concentration
at different times and equilibrium dissolution concentrations. Fig. 15A
shows the relationship between the distribution curve of dissolved COy
concentration along the red line in Fig. 13C with time. As CO, gradually
diffuses into the oil phase through the 0il-CO; interface region, the
dissolved CO; is first adsorbed on the solid surface. Subsequently, it
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Fig. 17. The distribution of dissolved CO, concentration with different adsorption capacities. (A) Gc_paqs = — 0.05; (B) Gc_gads = — 0.1; (C) Ge_paas = — 0.15.
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diffuses along the surface into the depths of the porous media [34],
causing the oil phase to swell. As depicted in Fig. 14 and Fig. 15B, with
the increase in equilibrium dissolution concentration, the concentration
of dissolved CO2 and the swelling volume of the oil increase. Then, a
swelling factor is applied to evaluate oil swelling, defined as the ratio of
the oil volume after swelling to that before diffusion. As shown in
Fig. 16, the oil swelling factor gradually increases with increasing time
and equilibrium dissolution concentration.

4.4. Effect of adsorption capacity

With the oil-dissolved CO; competitive adsorption parameter
decreasing from —0.05 to —0.15, the adsorption capacity of dissolved
CO;, increases, and that of oil decreases. That is, the different competi-
tive adsorption effects of oil-dissolved CO, on the solid surface are
captured. With equilibrium dissolution concentration Ceglc—co =
0.31u = 5.45 mol/L, the distribution of dissolved CO5 concentration
with different adsorption capacities (G _ya0s = — 0.05, G; pads = —
0.1, G._pads = — 0.15) is illustrated in Fig. 17, and the distribution
curve of dissolved CO; concentration with different adsorption capac-
ities is presented in Fig. 18. With the increasing dissolved CO, adsorp-
tion capacity, the adsorption concentration of dissolved CO3 in the near-
wall region increases, while the concentration of dissolved CO5 in the
bulk phase decreases. The observation is consistent with the result
before system equilibrium in section 4.2 Diffusion and dissolution of
CO; droplets. An increase in dissolved CO, adsorption capacity en-
hances the diffusion rate of CO in the oil phase, leading to a gradual
increase in the total mass of dissolved COs in the oil phase, as shown in
Fig. 19A. Interestingly, the swelling factor of oil gradually decreases
with increasing dissolved CO» adsorption capacity, as illustrated in
Fig. 19B. The reason is that the dissolved COj in the oil phase is mainly
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adsorbed on the solid surface due to the high adsorption capacity. As a
result, the amount of dissolved CO, miscible with the bulk oil gradually
decreases, leading to a decrease in the oil swelling factor.

5. Conclusions

In this paper, an improved MRT LBM coupled with multiphase
multicomponent flow model and mass transfer model is established to
model the behaviors of CO, diffusion through the 0il-CO, immiscible
interface, oil-dissolved CO5 competitive adsorption on the mineral sur-
faces and oil swelling when the pressure is lower than MMP. The
diffusion and oil swelling captured through the proposed model are
successfully verified by the microfluidic experiment. Moreover, the
model incorporates the effects of CO, diffusion and dissolution on the
0il-CO5-solid three-phase contact angle. Based on the proposed model,
the diffusion/dissolution of CO, droplets and the process of CO5 diffu-
sion into the oil phase in nanoporous media, which causes competitive
adsorption and oil swelling are simulated. The main findings are as
follows:

As time increases, CO gradually diffuses into the oil phase through
the immiscible 0il-CO, interface, and the volume of CO5 droplets de-
creases. Additionally, the dissolved CO2 concentration away from the
solid gradually increases, approaching the equilibrium dissolution
concentration, while the concentration in the near-wall region increases
due to adsorption. With the increase in the equilibrium dissolution
concentration, the dissolved CO» concentration in the oil phase in-
creases. Meanwhile, the dissolution rate of CO3 is accelerated, resulting
in the increase of oil swelling volume and the dissolved CO, adsorption
concentration. The effects of oil-dissolved CO5 competitive adsorption
on dissolved CO, diffusion and oil swelling in nanoporous media are
completely different. Higher dissolved CO; adsorption capacity in-
creases the mass of dissolved CO, diffusing into the oil phase. However,
the oil swelling volume decreases due to the increase of dissolved CO,
adsorption content near the solid surface.

CRediT authorship contribution statement

Han Wang: Writing — original draft, Validation, Supervision, Soft-
ware, Methodology, Investigation, Funding acquisition, Formal analysis,
Conceptualization. Qinjun Kang: Writing — review & editing, Valida-
tion, Methodology, Investigation, Formal analysis. Wendong Wang:
Writing — review & editing, Methodology, Investigation, Formal anal-
ysis. Wu He: Software, Methodology, Formal analysis. Yuxuan Xia:
Writing — original draft, Validation, Investigation, Data curation. Jian-
chao Cai: Writing — review & editing, Supervision, Methodology,
Investigation, Conceptualization.

2.0
(B)  ——G.pas=-0.05
1.84 Gc-o,ads =-0.1
- Gc-u,ads =-0.15
2
2164
on
8
T 1.4
2
[75]
1.24 4
1.0 - - - .
0 3 6 9 12 15

Time x10* (lu)

Fig. 19. The mass of dissolved CO, (A) and the swelling factor (B) under different adsorption capacities.

12



H. Wang et al.
Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

International Communications in Heat and Mass Transfer 163 (2025) 108738
Acknowledgment
This study was supported by the National Natural Science Founda-

tion of China (52404048, 42172159), China Postdoctoral Science
Foundation (2023M733872), Postdoctoral Fellowship Program of CPSF

(GZB20230864).

Appendix A. Extended applications of the methodology

Combined with our previous work [17], our model enables the simulation of both miscible and immiscible diffusion mass transfer behaviors
between shale oil and CO; across various pressures and temperatures. It reveals the process of enhancing shale oil recovery and realizing CO2
geological storage through competitive adsorption on different mineral surfaces from a microscopic perspective. Meanwhile, our model facilitates the
study of phase changes involving low-component hydrocarbon or dissolved CO4 exsolution from the oil phase to form bubbles, which then results in
the transformation from single-phase shale oil flow to two-phase oil-gas flow, allowing for an investigation into the influence mechanism of bubble
exsolution on shale oil flow capacity. Moreover, the water phase in the pores, with varying wettability, can exhibit various forms such as droplets,
water films, bridge plugs, clusters, etc., which obstructs the effective contact of oil and CO2 through capillary force and interfacial force. This ulti-
mately has a non-negligible effect on 0il-CO5 interaction [15,66-68]. Based on the approach presented in this paper, a three-phase three-component
four-distribution MRT LBM could be developed to investigate the oil-water-CO, phase behaviors, considering the simultaneous diffusion and
dissolution of CO- into the oil and water phase.

The proposed methodology mainly considers the physical processes of immiscible diffusion, oil swelling, and competitive adsorption. In practical
applications, calibrating the relevant LB simulation parameters is necessary to ensure the simulation’s accuracy. For immiscible diffusion and oil
swelling behavior, although the LB simulation is two-dimensional, a two-dimensional microfluidic experimental method can be used for comparison
and calibration. In section 3. Model verification, the successful calibration of microfluidic experimental results is discussed in detail. Moreover, the
two-dimensional D2Q9 LBM can be easily extended to the three-dimensional D3Q19 LBM [69,70]. For 0il-CO» competitive adsorption behavior, LB
simulations cannot directly capture the real 0il-CO2-solid intermolecular interaction forces. Therefore, it is necessary to manually set the fluid-solid
interaction parameters. The selection accuracy of this value is crucial for accurately applying the methodology can be accurately applied to enhance
shale oil recovery and realize CO, geological storage. These intermolecular interaction forces can be captured accurately by molecular simulations,
allowing for the determination of pore-scale fluid-solid interaction parameters by fitting the results from molecular simulations [15,17,71]. As shown
in Fig. A1 [15], the fluid-solid interaction parameters were adjusted to match the miscible density distribution under real temperature and pressure
obtained by molecular simulation. Therefore, based on the fitting microscopic parameters from both microfluidic experiments and molecular sim-
ulations, the proposed methodology can be effectively applied to shale oil recovery and CO, geological storage under real reservoir conditions.
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Fig. Al. Density distribution of nC8 and CO; from molecular dynamics (MD) and LB simulations [15]. OMP represents the oil mass percentage.
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