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Abstract:
In shale reservoirs, spontaneous imbibition is an important mechanism of fracturing fluid
loss, which has an important impact on enhanced oil recovery and water resource demand.
However, spontaneous imbibition behaviors are more complicated to characterize and
clarify due to the nanoscale effects of the boundary slip, oil-water interfacial slip, and
heterogeneous fluid properties caused by intermolecular interactions. A nanoscale multi-
relaxation-time multicomponent and multiphase lattice Boltzmann method was applied to
investigate the water imbibition into oil-saturated nanoscale space. The effects of pore size,
fluid-surface slip, water film, oil-water interfacial slip, water bridge, and pore structures
on the imbibition behaviors in a single nanopore were investigated. Then, the spontaneous
imbibition behaviors in nanoporous media based on the pore scale microsimulation
parameters obtained from the molecular simulation velocity results were simulated, and
the effects of water saturations on imbibition behaviors were discussed. The results show
that as the water saturation increases from 0 to 0.1, the imbibition mass in nanoporous
media increases because of the oil-water interfacial slip and a completely hydrophilic wall.
As water saturation continues to increase, the imbibition mass decreases gradually because
the existence of water bridges impedes the water imbibition.

1. Introduction
Spontaneous imbibition in porous media has received much

attention for its importance in many fields, such as, ink-
jet printing, soil infiltration, rainwater infiltration building
and oil/gas engineering (Abd et al., 2019; Hodder and Ny-
chka, 2019; Siddiqui et al., 2019; Cai et al., 2021). For
unconventional oil/gas resources, shale/tight oil/gas production
predominantly relies on horizontal drilling and hydraulic frac-
turing (Siddhamshetty et al., 2019; Deng et al., 2022), resulting
in fracturing fluids entering pore spaces through spontaneous

imbibition (Akbarabadi et al., 2017; Li et al., 2019; Siddiqui
et al., 2019; Tu and Sheng, 2020; Wijaya and Sheng, 2021;
Xu et al., 2021). Spontaneous imbibition can incur fracturing
fluid loss, which is important to the efficacy of enhanced
oil recovery (Singh, 2016; Al-Ameri et al., 2018; Siddiqui et
al., 2019). The pore size in shale reservoirs is generally 2-200
nm, and the oil/water molecular size is comparable to the pore
size, which causes the nonnegligible strong intermolecular
interactions (Saraji and Piri, 2015; Zhou et al., 2016; Yuan et
al., 2017; Zhang et al., 2020b). Hence, due to nanoscale effects
of the boundary slip, fluid-fluid interfacial slip and heteroge-
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neous fluid properties caused by intermolecular interactions,
the spontaneous imbibition behaviors are more complicated to
characterize and clarify by the conventional imbibition theory
(Zhang et al., 2017, 2018; Zeng et al., 2020). In addition,
water may occupy pores during the formation and evolution
of natural reservoirs (Guan et al., 2016; Li et al., 2016, 2017),
resulting in complex capillary forces inevitably influencing
spontaneous imbibition processes. Therefore, the effects of
intermolecular interactions and primary water need to be
taken into account for the spontaneous imbibition behaviors
in nanoporous media.

Spontaneous imbibition can be attributed to the collective
effect of viscous force (Pv), capillary force (Pc), inertial force
(Pi), and the density difference resultant gravitational pressure
gradient (Pg), according to their relationship Pc −Pg = Pv +Pi
(Tu and Sheng, 2020; Cai et al., 2021; Wang et al., 2021a). In
shale nanopores, capillary force is particularly important, grav-
ity becomes negligible (Sheng et al., 2017), and visvous force
depends on oil/water-surface non-zero slip velocity (Wang et
al., 2016) and heterogeneous fluid properties (Wu et al., 2019).
A number of experimental studies focus on the effect of wet-
tability alteration (from oil-wet to water-wet) and interfacial
tension (IFT) reduction on capillary forces to improve shale
oil recovery via spontaneous imbibition (Patil et al., 2018; Liu
et al., 2019; Saputra et al., 2019; Shao et al., 2023). However,
the core-based imbibition experiments cannot quantitatively
nor qualitatively analyze the complex oil-water mechanisms
in nanopores at the microscopic scale (Chen et al., 2023).
Recently, Lu et al. (2022) reported an experimental study on
oil capillary imbibition in nanochannels with the width ranging
from 34 nm to 100 nm based on nanofluidic chips. They found
that the imbibition process is much slower than that in the
theoretical prediction. In 34 nm wide nanochannels, the actual
imbibition process is 60% slower due to strong fluid-surface
interactions, which significantly increase flow resistance (Lu
et al., 2022). On the other hand, molecular dynamics (MD)
simulations can model imbibition behaviors in nanopores
by explicitly considering intermolecular interactions. Yang et
al. (2017) studied octane and water imbibition into graphite
and quartz slit pores by using MD simulations. They reported
that oil uptake in graphite pores is significantly higher than
water uptake. Sang et al. (2022) conducted MD simulations
to study the imbibition of n-alkane into kerogen slit pores
and investigated the effect of pore width, temperature, and
n-alkane types on penetration speed, dynamic contact angle,
and molecular conformations. Feng et al. (2018) adopted a
molecular kinetics approach to explain the unexpected t1/2-
dependence of capillary filling behaviors at the molecular
level, and highlighted the importance of effective viscosity and
true slip on imbibition in nanopores. However, most of these
studies are limited to gas-liquid two-phase imbibition, while
oil-water two-phase imbibition has been rarely studied. In ad-
dition, due to expensive computational cost, these MD studies
mainly focus on single nanopore cases. On the other hand,
a few studies established theoretical methods for imbibition
behaviors based on the single nanopore and capillary bundle
model (Wang et al., 2021a; Cai et al., 2022; Li et al., 2022;
Weibing et al., 2022). Wang et al. (2021a) and Weibing et

al. (2022) studied the water imbibing into nanopores, and
the molecular interactions, dynamics contact angle, entrance
and inertia effects were considered. Although these methods
have negligible computational cost, they cannot consider the
complex oil-water distributions and porous media structures.

Pore-scale simulations have become an effective tool to
simulate the imbibition behaviors under complex oil-water
distributions and pore structures, which include the exper-
iments on microfluidic chips (Mehmani et al., 2019; Tsao
et al., 2021), computational fluid dynamic coupling Navier-
Stokes equations (Zhu et al., 2019), pore network modeling
(Wang and Sheng, 2018, 2020; Zhao et al., 2022), lattice Boltz-
mann method (LBM) (Wiklund and Uesaka, 2013; Zhao et
al., 2021; Chen et al., 2022; Zhou et al., 2023), and dissipative
particle dynamics method (Chen et al., 2012; Ruiz-Morales
and Alvarez-Ramı́rez, 2021), etc. Among them, LBM is one of
the most popular pore-scale simulation methods for multiphase
flow in porous media thanks to its efficiency and efficacy in
terms of handling complex pore structures (Liu et al., 2022).
However, the current LBM simulations on imbibition mainly
focus on the conventional scale, which are not suitable for
nanoporous media. Although Zheng et al. (2018) proposed
an improved pseudo-potential LBM to simulate spontaneous
imbibition behaviors in a shale porous structure, the fluid-solid
and fluid-fluid molecular interactions were not considered. In
nanochannels, the strong intermolecular interaction forces can
lead to nanoscale effects such as fluid-solid boundary slip,
fluid-fluid interfacial slip and heterogeneous fluid properties
(Mattia and Calabrò, 2012; Secchi et al., 2016; Kannam et
al., 2017; Zhan et al., 2020a, 2020b; Weibing et al., 2022),
which have a pronounced impact on the oil-water viscous
force. Therefore, it is necessary to consider these nanoscale
effects when LBM is used to study spontaneous imbibition
behavior in nanoporous media.

In this study, a nanoscale LBM which can consider the
fluid-surface boundary slip, fluid-fluid interfacial slip and
heterogeneous fluid properties due to intermolecular interac-
tions is used to simulate oil-water imbibition behaviors in
nanoporous media. The effect of pore size, fluid-surface slip,
oil-water interfacial slip, water film, water bridges and pore
structures on single-pore imbibition behaviors are discussed.
In addition, the physical parameters in the proposed model are
adjusted by fitting MD results to simulate water imbibition
into quartz nanoporous media. This study investigates natural
imbibition behaviors in nanopores and nanoporous media, and
quantitatively analyzes the effect of nanoscale effects under
various water distributions and saturation.

2. Nanoscale multi-relaxation time LBM
In our previous studies, the fluid-surface slip, oil-water

interfacial slip and heterogeneous fluid properties are incorpo-
rated into LBM to simulate oil-water two-phase flow in shale
nanoporous media (Wang et al., 2022, 2023). In this work,
this model is applied to study imbibition behaviors, and the
physical properties of the oil and water can be found. For
multi-relaxation time LBM, the evolution equation is given
by (Lallemand and Luo, 2000):



34 Wang, H., et al. Capillarity, 2023, 9(2): 32-44

fσ (x+ eα δt , t +δt)− fσ (x, t) =−M−1
ΛM(fσ (x, t)

− feq,σ (x, t))+δtFσ
(1)

where fσ (x, t) is the density distribution function of σ com-
ponent at x position and time t, α = 0,1,2, . . . ,8 are the nine
directions of D2Q9 model, eα is the velocity at α direction,
δt is the time step, Λ is the relaxation diagonal matrix, feq,σ is
the equilibrium density distribution function, Fσ is the external
force, M is the transformation matrix.

With the transformation matrix M, Eq. (1) can be rewritten
as:

m′σ = mσ −Λ(mσ −meq,σ )+δt

(
I− Λ

2

)
Sσ (2)

where mσ = Mfσ , meq,σ = Mfeq,σ are 9-dimensional vectors
for the moments and the equilibria of moments, respectively,
I is the unit tensor, Sσ = MS′σ is the forcing term in
the moment space, the external force is defined by Fσ =
M−1

(
I− Λ

2

)
MS′σ . Fσ = Fint,σ + Fads,σ + Fb,σ , and Fint,σ

is the interaction force on the component σ , Fads,σ is the
interaction force between component σ and the solid wall,
Fb,σ is the external body force. For multi-component multi-
phase flow, they can be expressed as:

Fint,σ (x, t) =−Gσσ ′ψσ (x, t)∑
α

w
(
|eα |2

)
ψσ ′ (x+ eα δt)eα

−Gσσ ψσ (x, t)∑
α

w
(
|eα |2

)
ψσ (x+ eα δt)eα

(3)
Fads,σ (x, t) =−Gσsψσ (x, t)∑

α

w
(
|eα |2

)
s(x+ eα δt)eα (4)

Fb,σ =
(
Fσ ,b,x,Fσ ,b,y

)
(5)

where Gσσ ′ is a parameter controlling the liquid-liquid
strength, σ ′ represent the other phase, Gσs is a parameter
controlling the strength of the fluid-solid force, s is an indicator
function equaling to 0 and 1 for fluid and solid nodes, ψσ is
pseudopotential, ψσ = 1−exp(−ρσ ), w

(
|eα |2

)
is the weight,

w(1) = 1/3, w(2) = 1/12.
In order to accurately simulate spontaneous imbibition in

nanochannels, the collective nanoscale effects of fluid-surface
slip, oil-water interfacial slip and heterogeneous viscosity need
to be explicitly considered. For fluid-surface slip, the modified
combined boundary conditions of half-way bounce back and
diffusive Maxwell’s reflection (Wang et al., 2022) can be
applied to achieve oil-water two-phase non-zero boundary
velocity, which is regarded as boundary slip, which is given
as:

fσ ,α =(1− rσ ) fσ ,ᾱ

+ rσ

∑α s(x+ eα δt) fσ ,ᾱ

∑α s(x+ eα δt) f eq
σ ,α (uwall)

f eq
σ ,α

(
uσ ,wall

) (6)

where fσ ,ᾱ is the post-collision density distribution function in
ᾱ direction, in which ᾱ is the inverse direction of α , uσ ,wall is
the wall velocity, rσ is a combination parameter to characterize
the degree of boundary slip. As rσ increases, fluid-surface slip
velocity increases.

For oil-water interfacial slip, the viscosity of the oil-water
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Fig. 1. Oil contact angle versus oil-solid interaction parameter
and boundary conditions.

interfacial region can be modified to obtain the interfacial slip
(Wang et al., 2019a; Zhan et al., 2020b), and the modified
viscosity is called apparent viscosity. First, the phase-field
equation ρN = (ρσ −ρσ ′)/(ρσ +ρσ ′) is used to track the oil-
water interface region, and ρσ = ∑α fσ ,α is the density of
σ component. Then, the relaxation time τ in the interfacial
region, which is related to the viscosity in the lattice, is
modified in the interface region to obtain the interface slip.
As τ decreases, the interfacial slip velocity increases.

The surface forces acting on the fluid molecules in the
near-wall region and those in the bulk region are drastically
different. As a result, the fluid viscosity in the near-wall
phase is different from that in the bulk phase (Mattia and
Calabrò, 2012; Wang et al., 2019b; Zhang et al., 2020a). The
near-wall relaxation time τwall and bulk relaxation time τbulk
can be used to obtain the heterogeneous viscosity.

3. Model verification
The IFT, wettability, fluid-surface slip and fluid-fluid inter-

facial slip obtained by the proposed model should be verified
to ensure its accuracy. The verification of IFT and fluid-fluid
interfacial slip can be found in our previous works (Wang et
al., 2022), and the lattice IFT γ equals 0.123. In this section,
the oil-water contact angle and fluid-surface slip in LBM
simulations are verified.

In Shan-Chen LBM, the different contact angles can be
obtained by varying fluid-surface interaction parameter Gσs in
Eq. (4). In this work, the water-surface interaction force Gws is
equal to minus oil-surface interaction force Gos (Gws =−Gos),
and the relation between oil-water contact angle is θw =
180◦−θo. In the simulation, a square oil phase is first placed
on the surface which is saturated with water phase. Under
the effect of oil/water-surface interaction force and oil-water
IFT, the square oil phase gradually transforms to imperfect-
circular droplets. Through the bottom length and height of
the imperfect-circular droplet, the oil droplet contact angle
can be calculated, as shown in Fig. 1. With various boundary
conditions, different contact angles can be calculated. As the
oil-surface interaction force Gos increases, the oil contact angle



Wang, H., et al. Capillarity, 2023, 9(2): 32-44 35

0 . 0 0 . 2 0 . 4 0 . 6 0 . 8 1 . 00 . 0 0 0
0 . 0 0 1
0 . 0 0 2
0 . 0 0 3
0 . 0 0 4
0 . 0 0 5
0 . 0 0 6
0 . 0 0 7

Ve
loc

ity 
(lu

)

y / H

 T h e o r e t i c a l
 L B M

l s  =  1 9 . 1 8  l u( a )

0 . 0 0 . 5 1 . 0 1 . 5 2 . 00 . 0 1

0 . 1

1

1 0

1 0 0

1 0 0 0

Sli
p le

ngt
h (

lu)

r

( b )

Fig. 2. Velocity fitting, and the relation between slip length and combined parameter. (a) Velocity, (b) slip length.

Table 1. Parameters used in LBM simulations.

Parameters No slip Oil slip Oil slip

θw (◦) 30 30 30

θo (◦) 150 150 150

rw 0 0 0

ro 0 1.5 1.9

lsw (nm) 0 0 0

lso (nm) 0 0.56 3.84

Gws -0.719 -0.720 -0.717

Gos 0.719 0.720 0.717

increases.
In addition, the model in this work can also achieve differ-

ent oil-water boundary slip lengths by changing the boundary
conditions. The slip boundary conditions have a non-negligible
impact on the oil-water contact angle (Wang et al., 2022).
Therefore, for different slip boundary conditions, it is neces-
sary to establish the corresponding relation between contact
angle and oil/water-surface interaction force. In the proposed
model, different slip lengths can be realized by varying slip
boundary combination parameters. However, the relationship
between the combined parameter r and the boundary slip
length is not clear in the previous study (Wang et al., 2022). In
this section, this relationship by theoretical fitting method is
established. First, the fluid flow in the pore is simulated with
pore width H = 50 lu, the combined parameter r = 1.9, and
the external body force acceleration Fσ ,b,x = 0.000002. The
left and right boundary conditions of the pore are periodic,
and the upper and lower boundary is half-way bounce back
and diffusive Maxwell’s reflection. The velocity profile is
shown in Fig. 2(a). Then, the slip length ls in the theoretical
equation u(y)= (y(H − y)/2vρσ + lsH/2vρσ )Fσ ,b,x is adjusted
until the calculated velocity profile is fitted to the simulated
velocity profile, where is theoretical velocity and is lattice
kinematic viscosity. With perfect fitting, the corresponding slip

length with the combined parameter r = 1.9 is 19.18 lu. As
shown in Fig. 2(b), with increasing slip boundary combination
parameters ro and rw, the oil-surface and water-surface slip
length increases.

4. Results and discussion
In this section, the effect of pore size, fluid-surface slip,

water film, oil-water interfacial slip, water bridge and pore
structures on the imbibition behaviors in nanopores is inves-
tigated. Then, the spontaneous imbibition behaviors in quartz
nanoporous media are discussed.

4.1 Effect of pore size and fluid-surface slip
The pore sizes are equal to 3.6 nm, 6.2 nm, 9.0 nm,

11.4 nm and 17.8 nm, respectively. From previous studies, the
slip velocity of water in hydrophilic quartz pores is 0, while
there is a non-zero slip velocity of the oil phase in quartz
pores (Zhan et al., 2020b; Wang et al., 2022). Therefore, this
study only focuses on the effect of oil phase slip length on
imbibition behaviors. The slip boundary conditions include
non-slip boundary (lw = 0 lu, lo = 0 lu, and lu is lattice
unit), oil phase slip boundary (lw = 0 lu, lo = 2.8 lu), and oil
phase slip boundary (lw = 0 lu, lo = 19.2 lu), with the length
scale Lo = 0.2 nm and the physical slip length lo−phy = loLo.
The contact angle of the water and oil phase are θw = 30◦

and θo = 150◦, respectively. Unless otherwise specified, the
corresponding parameters used in the following simulations
are given in Table. 1.

The pore model used in the LBM simulation is shown in
Fig. 3. The model length is 120 nm (the lattice length is 600
lu), and the length of the pore is 70 nm (the lattice length
is 350 lu). With different widths, the pores with different
pore sizes can be obtained. Periodic boundary conditions are
applied to the upper, lower, left and right boundaries. At the
initial state, the pores are saturated with oil, while the outer
area is saturated with water.

During imbibition simulation, the oil-water distributions
with lattice time at 5,000 lu and 20,000 lu are shown in Figs. 4
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Fig. 3. The pore model used in LBM simulation.
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Fig. 4. oil-water distributions during imbibition process.

and 5 show the dependence of imbibition length on pore size
and time under different boundary conditions. In the initial
stage, the smaller the pore size, the larger the imbibition length
is observed. With the increase of time, the imbibition velocity
in the pore with a smaller pore size decreases gradually. Then,
in the late stage of the imbibition process, the smaller the pore
size, the smaller the imbibition length. Under the condition
of no slip and oil slip boundary, the effect of pore size on
imbibition length can all be reversed with time. The reversed
law can be explained by the dynamics contact angle (resulting
in different capillary pressure), hydrodynamic resistance and
inertia force. When the inertia force is not considered, the cap-
illary pressure is used entirely to drive oil and water flow. The
capillary pressure equals the sum of pressure differences acting
on the oil and water phases, i.e. Pc = ∆Pw +∆Po, where ∆Pw
and ∆Po are the pressure differences acting on the water and
oil phases, which are related to the hydrodynamic resistance.
The hydrodynamic resistance is defined as the ratio of pressure
difference to average velocity to characterize the flow capacity
of water and oil phases in nanopores. The water (Rw) and
oil (Ro) hydrodynamic resistances are given by Rw = ∆Pw/uw
and Ro = ∆Po/uo, where uw and uo are the average velocity
of water and oil phase during the imbibition process, and
uw = uo = Qw/A = Qo/A. Qw and Qo are the volume flux of
water and oil phases, A is the cross-sectional area of the pore.
During the imbibition process, the volume of water imbibed
into the pore is equal to that of oil displaced Qw = Qo, and
the detailed calculation can be found in our previous study
(Wang et al., 2021b). Then, the total hydrodynamic resistance
without considering the inertia force can be expressed by
Rt = ∆Pw/uw +∆Pouo = (∆Pw +∆Po)/ut = Pc/ut .

For a slit pore, the capillary pressure is determined by
the Young-Laplace equation Pc = 2γ cosθ/H, where γ is
water-oil interfacial tension, θ is the dynamics contact an-
gle. The imbibition velocity without considering the iner-
tia force can be calculated by the capillary pressure and

total hydrodynamic resistance, ut = Pc/Rt = 2γ cosθ/HRt .
In LBM simulations, the dynamics contact angle can be
calculated from the meniscus shape of the imbibition front,
as shown in Fig. 6. According to the dynamics contact
angle, the lattice oil-water interfacial tension and pore size,
the capillary pressure can be calculated. From our previous
study (Wang et al., 2021a), the ideal total hydrodynamic
resistance is given by Rt = Lw

(
H2/12µwe f f + lwH/2µnw

)−1
+

Lo
(
H2/12µoe f f + loH/2µno

)−1, where Lw is the imbibition
length shown in Fig. 5, Lo = Lt − Lw, Lt is pore length,
µwe f f and µoe f f are the water and oil effective viscosity
determined by the viscosity of near-wall and bulk phases. The
total hydrodynamic resistance is shown in Fig. 7. Then, based
on dynamics contact angle and hydrodynamic resistance, the
imbibition velocity without considering inertia force versus
pore size and time is shown in Fig. 8. It shows that the
imbibition velocity decreases with the decreasing pore size
because the hydrodynamic resistance of pore with a small size
is much larger than that with a large size. Therefore, when the
inertial force is not taken into account, the smaller the pore
size is, the smaller the imbibition length should be. It is con-
sistent with the conclusion in our previous theoretical studies
(Wang et al., 2021a) without considering the inertial force,
while inconsistent with the reversed law versus time from
LBM simulations. Then, the simulation results by considering
inertial forces are analyzed in the following paragraph.

When the inertia force is considered, the pressure equilib-
rium relation can be expressed by Pc = ∆Pw +∆Po +Pi, then,
the imbibition velocity is ut = 2γow cosθ/HRt −Pi/Rt . In the
initial stage of imbibition, the inertia force cannot be ignored
because the larger the pore size, the greater the inertia force
(Weibing et al., 2022). According to the velocity formula, in
the early stage of imbibition, the small imbibition length arises
from the large inertia force and small hydrodynamic resistance
in the pore with a large size. With the increase of imbibition
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Fig. 5. Imbibition length versus time and pore diameter. (a) No slip, (b) oil slip (ro = 1.9).
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Fig. 6. Dynamics contact angle versus time and pore diameter. (a) No slip, (b) oil slip (ro = 1.9).
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Fig. 7. Hydrodynamic resistance versus time and pore diameter. (a) No slip, (b) oil slip (ro = 1.9).
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0 2 0 0 0 0 4 0 0 0 0 6 0 0 0 0 8 0 0 0 00

2 0

4 0

6 0

8 0

Im
bib

itio
n le

ngt
h (

lu)

T i m e  ( l u )

 N o  s l i p
 O i l  s l i p  ( r o  =  1 . 5 )
 O i l  s l i p   ( r o  =  1 . 9 )
 W a t e r  s l i p   ( r w  =  1 . 9 )  

( a )

0 2 0 0 0 0 4 0 0 0 0 6 0 0 0 0 8 0 0 0 00

2 0

4 0

6 0

8 0 ( b )

 N o  s l i p
 O i l  s l i p  ( r o  =  1 . 5 )
 O i l  s l i p   ( r o  =  1 . 9 )
 W a t e r  s l i p   ( r w  =  1 . 9 )  

T i m e  ( l u )

Im
bib

itio
n le

ngt
h (

lu)

Fig. 9. Imbibition length versus time and boundary condition. (a) H = 6.2 nm, (b) H = 11.4 nm.

time, the inertia force gradually decreases and approaches
zero (Weibing et al., 2022). Then, the capillary pressure and
hydrodynamic resistance dominate the imbibition process, as
shown in Figs. 5-8, and the imbibition velocity decreases with
the increase of pore size.

The variation of imbibition length with time and boundary
conditions is shown in Fig. 9. With an increasing slip length,
the imbibition length increases due to the decreasing hydro-
dynamic resistance of oil-water flow in the pores.

4.2 Effect of water film and oil-water interfacial
slip

When the initial water saturation in the porous media
is low, the water phase exists on the solid surface of the
hydrophilic pores as a water film based on previous MD
simulations (Li et al., 2018; Wang et al., 2022). It can be seen
that there is a slip velocity at the oil-water interfacial region
(Xu et al., 2022). Fig. 10 shows the oil-water distributions
during the imbibition process considering water film and
different oil-water interfacial slips. The pore width H is 11.4
nm, and the thickness of the water film is 2 nm. The oil-water
interfacial relaxation time τow is used to obtain the desired
oil-water interfacial slip. With a decrease of τow, the oil-water

interfacial slip length increases. As shown in Fig. 11, when the
water film is considered, the effective pore size of water phase
imbibition decreases, however, the imbibition length increases
which is inconsistent with that in section 4.1. There are two
potential reasons: One is that due to the oil-water interfacial
slip, the hydrodynamic resistance decreases; The other one
is that the water film can be regarded as a solid surface,
which is completely hydrophilic, and then the capillary force
increases. Therefore, the presence of water film is conducive to
imbibition. With an increasing oil-water interfacial slip length,
the imbibition length increases because of the decrease in
hydrodynamic resistance.

4.3 Effect of water bridge
The attractive interactions caused by surface forces directly

affect water film stability. At a certain local water saturation
(critical water film thickness), the wetting film will form a
water bridge (Guan et al., 2016; Li et al., 2017). In this part,
the influences of the water bridge on imbibition behaviors
are studied. With and without water bridge imbibition, the
oil-water distributions are shown in Fig. 12. With water
bridge, there are three capillary pressures formed by imbibition
meniscus, two of which are the driving force and one is the
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Fig. 10. Oil-water distributions.
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resistance. According to the dynamics contact angle as de-
picted in Fig. 13(a), the dynamics contact angle with the
water bridge is small resulting in great capillary pressure,
and the total capillary pressure is P1 +P3. However, the net
driving force (P1 +P3 −P2) is small, and the existence of a
water bridge (no slip velocity in the water phase) increases
the hydrodynamic resistance of oil-water flow. Therefore, the
imbibition length is greatly reduced, as shown in Fig. 13(b).
When the water bridge reaches the pore outlet, the capillary
force on the left and right ends of the oil phase in the pore
reaches balance, and this part of the oil is trapped inside the
pores and cannot be exchanged by spontaneous imbibition.

4.4 Effect of pore structures
Oil production by spontaneous imbibition from pores can

occur in both co- and counter-current modes when the matrix
is partially covered by water (Meng et al., 2019). The imbibi-
tion mentioned above is a co-current process, and the counter-
current process is discussed in this section. The simulation
model is that the two pores are connected, and the small pore
width is fixed at 8 nm. Then the ratio of large pore width to
small pore width (Hratio) is 1.2, 1.5 and 2 by changing the lar-

Table 2. Parameters fitted from MD simulations.

Parameters Value

Near-wall oil viscosity (mPa · s) 0.5

Bulk oil viscosity (mPa · s) 0.9

Oil slip combination parameter 1 .858

Near-wall water viscosity (mPa · s) 5

Bulk water viscosity (mPa · s) 1

Water slip combination parameter 0

Liquid-liquid slip parameter 0.59

ge pore width. Fig. 14 shows the oil-water distribution when
the pore width ratio is 1.2 and 2. Fig. 15 shows the imbibition
length in the pore with a small width versus width ratio and
time. Due to the great capillary back pressure P1.2 and high
hydrodynamic resistance, the imbibition length decreases with
a decrease in the pore size ratio.

4.5 Imbibition behaviors in quartz porous media
To study the imbibition behaviors in quartz porous me-

dia, which is the main mineral composition, the physical
parameters in the proposed model can be adjusted by MD
simulations. For oil and water flow in quartz nanopores, we
recently used MD simulation to investigate a laminar-type oil-
water two-phase flow in quartz nanopores (Zhan et al., 2020b),
in which oil and water single-phase as well as two-phase
velocity profiles can be obtained. Then, by the velocity fitting
(the detailed fitting can be found in our previous studies (Wang
et al., 2022)), the physical parameters of oil/water near-wall
viscosity, boundary slip, IFT, and liquid-liquid slip can be
obtained, as shown in Table. 2.

The circular two-dimensional porous media is constructed.
The porous media is initially saturated with oil and then
surrounded by water. During imbibition simulation, the water
phase flows into the porous media by spontaneous imbibition
and the oil phase is displaced. Fig. 16 shows the time depen-
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Fig. 12. Oil-water distributions.
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Fig. 13. Dynamics contact angle and imbibition length versus water bridge and time. (a) Dynamics contact angle, (b) imbibition
length.
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Fig. 14. Oil-water distribution. (a) Hratio = 1.2, (b) Hratio = 2.

dence of oil-water distributions at different water saturation.
The imbibition mass versus time and water saturation is shown
in Figs. 17(a) and 17(b). As the water saturation increases from
0 to 0.1, the imbibition mass increases. It is because the small
amount of water forms a film on the solid wall, and the oil-
water interfacial slip and a completely hydrophilic wall (lead-
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Fig. 15. Imbibition length versus width pore width ratio and
time.

ing to increased capillary pressure) make an increasing im-
bibition mass. As water saturation continues to increase,
imbibition mass decreases gradually because the existence of
the water bridge impedes the water imbibition.
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Fig. 16. Oil-water distributions with different water saturation.
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Fig. 17. Imbibition mass versus time and water saturation. (a) Time, (b) water saturation.

5. Conclusions
In this work, a nanoscale multi-relaxation-time multicom-

ponent and multiphase LBM is applied to investigate the
water flow into nanoscale space by spontaneous imbibition.
The effects of pore size, fluid-surface slip, water film, oil-
water interfacial slip, water bridge and pore structures on the
imbibition behaviors are investigated. Then, the spontaneous
imbibition behaviors in quartz nanoporous media are simulated
based on the pore scale microsimulation parameters obtained
from the molecular simulation velocity results, and the effect
of water saturations in porous media is discussed.

The results show that the imbibition length decreases first

and then increases with the increase of pore size due to the
influence of hydrodynamic resistance and inertia force of oil-
water flow in nanopores. With an increasing oil-surface slip
length, the imbibition length increases due to the decreasing
hydrodynamic resistance. The presence of water film and oil-
water interfacial slip is conducive to imbibition, because of
the increase in capillary force and the decrease in imbibition
resistance due to the solid-like water film and interfacial slip,
respectively. The water bridge can increase the capillary resis-
tance, therefore, the imbibition length is greatly reduced. In
the connected pores with different pore sizes, due to the great
capillary back pressure and high hydrodynamic resistance with
a small pore size ratio, the imbibition length decreases. With
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the water saturation increases from 0 to 0.1, the imbibition
mass in quartz nanoporous media increases. It is because the
small amount of water forms a film on the solid wall, and the
oil-water interfacial slip and a completely hydrophilic wall
(leading to increased capillary pressure) make an increasing
imbibition mass. As water saturation continues to increase,
the imbibition mass decreases gradually because the existence
of water bridges impedes the water imbibition.
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