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Abstract: Shale reservoirs contain omnipresent nanopores. The fluid transport phenomena on the
nanoscale are significantly different from that on the macroscale. The understandings of fluid trans-
port behavior, especially multiphase flow, are still ambiguous on the nanoscale and the traditional
hydrodynamic models are insufficient to describe the fluid flow in shale. In this work, we firstly use
a molecular dynamics simulation to study the oil–water two-phase flow in shale inorganic quartz
nanopores and investigated the unique interfacial phenomena and their influences on fluid transport
in a confined nanospace. The results of the molecular simulation revealed that the water-oil-water
layered structure was formed in quartz nanopores. There is no-slip boundary condition between
water and quartz surface. The density dip and the extremely low apparent viscosity of the oil–water
interface region were observed. The liquid–liquid slip effect happened at the oil–water interface.
Based on the nano-effects obtained by the molecular simulation, two mathematical models were
proposed to describe the nanoscale oil–water two-phase flow, considering both the solid–liquid
and liquid–liquid interfacial phenomena, and the performances of two mathematical models were
validated. This study shed light on the flow behaviors of oil and water on the nanoscale, and provides
the theoretical basis for scale-upgrading, from the nanoscale to the macroscale.

Keywords: oil–water two-phase flow; molecular simulation; mathematical model; shale nanopore

1. Introduction

Shale reservoirs have huge potential for exploration and development. The technically
recoverable shale oil resources are about 70–90 billion tons in China [1] and the shale oil
production in the U.S. reached 3.29 × 108 tons in 2018, accounting for about 49% of total
oil production in the U.S. [2,3]. However, shale reservoirs contain a larger proportion
of microscale and nanoscale pores [4,5]. The physical properties of the fluid in confined
nanoscale pores are entirely different from that in bulk conditions [6–8]. The special
phenomena caused by the confinement effect, such as adsorption [9,10], phase behavior
changes [11,12] and slip effect [13,14], played significant roles on fluid transport, which
were nonnegligible on the nanoscale. Therefore, how to accurately describe the fluid
occurrence state and flow behaviors in shale nanopores, and then consider the nanoscale
effect into pore-scale or field-scale simulation to guide shale oil development, has become a
huge challenge.
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The essence of the microscale effect is the intermolecular interactions. Thus, study-
ing the nanoscale phenomena from the level of intermolecular interactions is the most
direct and accurate method. The molecular simulation method has great advantages in
studying nanoscale phenomena, since it is based on statistical mechanics and quantum
mechanics and calculates the physical and chemical properties by the thermal motions
of molecules [15]. It has been widely used in material engineering [16], chemical engi-
neering [17] and biology [18]. In recent years, it has been introduced into petroleum
engineering, to investigate the fluid behaviors and interfacial phenomena in the nanoscale
pores of shale reservoirs and tight reservoirs [19,20]. The virtual particles and ideal ma-
terials [21,22] were commonly used in the early studies of nanoscale fluid flow to reveal
the phenomena qualitatively, and then gradually extended to adopt the real minerals of
shale/tight reservoirs in recent decades. For the single-phase fluid flow in shale nanopores,
Yu et al. [23] studied the methane transport in shale inorganic mineral nanopores and
graphene nanopores. Wang et al. [24,25] studied the alkane flow in shale reservoir, with
consideration of nanoconfinement effects. The results revealed the positive slip boundary
condition of both methane and liquid alkanes in inorganic quartz nanopores. The extremely
large slip length was observed at the graphene–liquid interface for methane, water and
liquid long-chain alkanes, leading to the fast mass transport of fluid. The connate water
and the extra water introduced into the subsurface by hydraulic fracturing during shale oil
development resulted in the oil–water two-phase fluid flow in shale nanopores. Therefore,
it is necessary to clarify the effects of water on shale oil transport and oil–water two-phase
flow behavior. However, the previous studies on gas–water and oil–water two-phase flow
in shale nanopores were limited. Ho et al. [26] simulated the flow of methane and water in
muscovite nanopores and reported the flow pattern changes of methane and water caused
by the increase in driven pressure gradient. Ho et al. [27] also studied the supercritical
CO2-induced atomistic lubrication for water flow in a hydrophilic nanochannel by molecu-
lar simulation and revealed that the multicomponent interactions can be manipulated to
enhance the flow capacity. Qin et al. [28] analyzed the effect of surface roughness on the
flow capacities of water-based nanofluid. Xiong et al. [29] constructed a molecular model
of methane–water two-phase fluid in illite nanopores and found the local electric fields
were induced by the positive potassium layer and negative hydroxyl group, which was
conducive to forming the water bridge in the nanopores. Zhan et al. [30] studied the effect
of water film on oil transport in laminar flow conditions, in the nanoscale pores of shale
inorganic minerals, and modified the mathematically model. Our previous work [31,32]
investigated the oil–water two-phase flow behavior in calcite nanopores with various oil
mass percentages and analyzed the water effect on oil transport. However, the investigation
of liquid interfacial phenomena of oil–water two-phase fluid and its effect on oil–water
transport in shale inorganic nanopores was still ambiguous and the characterization of
boundary conditions at the liquid–liquid interface was still unclear.

Since the scale of nanopores is extremely small, the static and dynamic properties of
fluid on the nanoscale are different from that on the macroscale, so the traditional hydrody-
namic model used in conventional reservoirs was insufficient to describe the fluid flow in
shale. The molecular simulation method and the nanoconfinement effect on the molecular
scale cannot be applied directly into pore-scale flow simulation and reservoir simulation,
due to the scale incompatibility of the nanoscale and macroscale. Therefore, incorporating
the nanoscale effect into the conventional hydrodynamic mathematical model to describe
the flow behavior in the nanoscale is necessary, not only for the enhancement of theoretical
foundation, but also to provide support for scale upgrading. Zhang et al. [33] established
the mathematical model of single-phase oil flow in shale nanopores, with consideration
of the slip effect and adsorption at the solid–liquid interface. Cui et al. [34] predicted the
oil–water relative permeability with consideration of solid–liquid slip. Wang et al. [35] and
Zhan et al. [30] modified the mathematical model for oil–water two-phase flow consid-
ering solid–liquid slip and quantitatively characterized the oil–water two-phase region.
Previously, the mathematical models of nanoscale flow have mostly been developed for
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single-phase flow. Only several mathematical models were proposed for nanoscale two-
phase flow and only a part of the nanoconfinement effects has been considered. Since the
nanoconfinement effect on oil–water two-phase still requires further investigation and the
mechanisms of nanoscale multiphase flow are still ambiguous, the mathematical model for
oil–water two-phase flow in shale nanopores should be further improved.

In this study, we firstly build up the molecular model of oil–water two-phase fluid in
shale inorganic nanopores and investigate the static properties by equilibrium molecular
dynamics (EMD) simulation. The pressure-driven flow is simulated based on external field
non-equilibrium molecular dynamics (EF-NEMD) simulation and the dynamic properties
of oil and water in a confined nanospace are analyzed. Then, based on the interfacial
phenomena observed by molecular simulation, we proposed two mathematical models
to describe the oil–water two-phase flow in shale nanopores, which, respectively, con-
sidered the phenomena of extremely low apparent viscosity at the oil–water interface
region and the liquid–liquid slip at the oil–water interface. The accuracies of these two
mathematical models are validated and the effect of liquid–liquid interfacial phenomena
on fluid flow in nanopores is discussed. The mathematical models, with consideration of
the nano-confinement effects in this work, can be coupled with the meso-scale simulation
method [36–39], such as the Lattice Boltzmann method (LBM) and pore network modeling
(PNM), to investigate the pore scale flow behavior.

2. Molecular Simulation
2.1. Model Construction and Simulation

The molecular model of oil and water in shale inorganic nanopores is constructed and
all the simulations are conducted by the Large-scale Atomic Molecular Massively Parallel
Simulator (LAMMPS) package [40]. The n-octane is used to represent oil. Quartz is one
of the most abundant inorganic minerals of shale reservoirs. In this study, the hydroxyl
quartz is used as the mineral surface to investigate the oil–water two-phase flow in shale
inorganic nanopores. Since the sedimentary rocks are initially saturated by water, the
surface of quartz is fully hydroxylated at geologic conditions. The unit cell of quartz is
firstly cleaved at

{
1010

}
plane [41,42]. Then, the hydrogen atoms are added to the dangling

oxygen atoms of the cleaved quartz surface and the unit cell is duplicated and extended in
x and y directions, to obtain the hydroxylated quartz surface, as shown in Figure 1. The
lateral size of the quartz surface is 8.84 nm × 5.4 nm. The density of the silanol (Si-O-H)
group of the hydroxylated quartz surface is 7.55 site/nm2, which is in the range of crystal
chemistry calculations. The ClayFF force field [43] is utilized to model the quartz surface,
since the ClayFF force field has been proved to be applicable to describe the interactions of
hydroxylated quartz and also performed well in the simulation of solid–fluid interactions
between inorganic minerals and alkanes.

In this study, n-octane is used to simply represent shale oil, since the physical and chem-
ical properties of pure n-octane are similar to shale oil. The OPLS-UA force field [44] is used
to model the n-octane and the SPC/E force field [45] is used to model the water molecules.
The water molecules are kept rigid via the SHAKE algorithm [46] throughout all the sim-
ulation processes in this study. The periodic boundary conditions are applied in three
directions. The cutoff distance is 1.2 nm and the Lorentz–Berthelot (LB) mixing rule [47]
is adopted to compute the interactions between unlike atom groups. The Nosé–Hoover
thermostat [48] is used to compute the system temperature. The long-range Coulomb
interactions are computed by the particle–particle particle-mesh (PPPM) method [49].

To build up the initial molecular model, the n-octane molecules and water molecules
are randomly inserted into the quartz nanoslit. The numbers of n-octane and water
molecules are calculated by the pore volume and target oil mass percentage. The vac-
uum layer of three times the length of the nanoslit is added in the z-direction to eliminate
the interactions between upper and lower surfaces, caused by the periodic boundary condi-
tions. The simulation procedures are shown in Figure 2. The constant external force f z is
added on all the atoms at the top surface, with the bottom surface fixed to control the pore
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pressure. Both the top and bottom surfaces are treated as a rigid body in all the simulations.
The external force can be calculated by the target pore pressure and temperature, as shown
in Equation (1). In this study, the simulation temperature is 343 K and the pore pressure is
30 MPa, which are consistent with subsurface conditions. The pressure control is relaxed
for 3 ns with the timestep of 0.1 ps in the NVT ensemble.

fz =
ppore × A

69.5× Nwall
(1)

where f z is the external force added on the upper surface in kcal·mol−1·Å−1; ppore is the
pore pressure in MPa; A is the area of the upper surface in nm2 and Nwall is the total atom
number in the upper surface.
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After the process of pore pressure control, the pore size and the pore pressure are
almost stable. Both quartz surfaces are then fixed and the system is relaxed in the NVT
ensemble for 6 ns, with the timestep of 0.1 ps. The trajectory of atoms in the last 3 ns is
collected to analyze the static properties of oil and water in quartz nanopores. To simulate
the flow properties, a constant external force f ex is added on the fluid atoms in x-direction,
based on the equilibrium construction. The external force f ex is calculated by the driven
pressure gradient as:

fex =
∇p× Ayz × Lx

69.5× Nfluid
(2)

where f ex is the external force added on the fluid in kcal·mol−1·Å−1; ∇p is the pressure
gradient in MPa·nm−1; Ayz is the cross-section area of yz plane in nm2; Lx is the length in
the x-direction in nm; Nfluid is the total atom number of oil and water.

Since the centroid velocity of fluid molecules in x-direction is affected by the driven
force in non-equilibrium molecular simulation, instead of only the molecular thermal
velocity, the thermostat is only coupled in the y-direction, to eliminate the influences of
driven forces on temperature computation. The non-equilibrium molecular simulation is
conducted in the NVT ensemble for 15 ns and the trajectory of the last 6 ns is collected to
analyze the dynamic properties of oil and water in quartz nanopores.

2.2. Results of Molecular Simulation

In this section, we analyze the static and dynamic properties of the oil–water two-
phase fluid in quartz nanopores. The equilibrium configuration of oil and water in 5 nm
quartz nanopores, with oil mass percentage (OMP) of 50%, is shown in Figure 3 as the
example. The layered structure of water–oil–water is formed in quartz nanopores. To
characterize the occurrence state of oil and water more accurately and intuitively, we
present the density profiles and orientation order parameters of oil and water in 5 nm
quartz nanopores in Figure 4. The orientation order parameter refers to the preferential
orientation of the molecules, which is defined as [50,51]:

S(z) =
3
2
〈cos2 θ〉 − 1

2
(3)

where θ is the angle between the molecule axis and the normal direction of the surface
(z-direction). For long-chain alkanes, θ refers to the angle between the head-to-tail line of
the molecule and z-direction. For water, the molecule axis is defined as the line between
the middle point of two hydrogen atoms and the oxygen atom. The orientation order
parameter is dimensionless and ranges from −0.5~1. S = 0 means that the molecules tend
to be randomly distributed. Negative S indicates the orientation of molecules preferentially
perpendicular to the surface, while positive S indicates the orientation preferentially parallel
to the surface.
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As shown in Figure 4, since the wettability of the quartz surface is hydrophilic, water
preferentially forms multilayer adsorption near the surface. The density of the first adsorp-
tion layer is about 2.2 g/cm3. The orientation order parameter at the water adsorption
layer is close to −0.5, which indicates the water molecules are preferentially perpendicular
to the quartz surface. n-octane is in the center of the pore and demonstrates no adsorption
phenomena, since the water film shielded the intermolecular interactions between the
n-octane and quartz surface. The orientation order parameter of n-octane is almost stable
at 0, which represents no obvious dominant orientation of n-octane. With the position
close to the center of the pore, the density of the water phase gradually decreases to 0
and the density of the oil phase gradually increases, forming an oil–water interface region.
There is no unified standard for the characterization of the liquid–liquid interface region
of two immiscible liquids at present. The commonly used flow region division methods
are the 1–99 method [52] and the 10–90 method [53,54], which separate the flow region
by the 1–99% of liquid bulk density and 10–90% of liquid bulk density, respectively. In
this study, we used the 10–90 method to mark the oil–water interfacial region. The width
of the oil–water interface region is ~0.365 nm. The orientation order parameter of both
water and n-octane decreases at the oil–water interface region and is close to −0.2, which
demonstrates that both water and n-octane molecules are orientated and affected by the in-
termolecular interactions between each other. Since the intermolecular interactions between
water and n-octane are much weaker than that between quartz and liquid, the preferential
orientation is less obvious compared with the adsorption layer near the quartz surface.
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The total density of the mixed fluid appears to be depressed at the interface, and
the fluid density at the interface region is less than single-phase water density and single-
phase n-octane density. A similar phenomenon has been reported at the interface of two
immiscible fluids in unconfined bulk conditions [55]. Koplik et al. [55] adopted δ, the
differences between the average bulk density of two immiscible fluids and the density of
the interface region, to quantitatively describe the “density dip” at the interface and the
value of δ was only determined by the intermolecular interactions between two immiscible
fluids. The overall intermolecular interaction between two fluids is repulsive when two
liquids are immiscible, while the overall intermolecular interaction is attractive when two
liquids are miscible. The value of δ decreases with the increase in miscibility of two liquids,
until no “density dip” appears when the two liquids are completely miscible.

Based on the equilibrium configuration, we investigated the flow behaviors of oil and
water in quartz nanopores by adding the constant external force on all fluid atoms in the
x-direction. The density and velocity profiles of oil and water in 5 nm quartz nanopores
are shown in Figure 5. The density profiles of oil and water during fluid flow are highly
consistent with that of a static equilibrium configuration, which demonstrates that the
density distributions are not affected by the driven pressure gradient. This phenomenon
has also been proved in our previous work, for both single-phase and multi-phase flow [31].
Since the quartz surface is hydrophilic, there is no positive slip observed at the quartz–water
interface. The pink and blue dots are the velocity distributions of oil and water obtained by
the molecular simulation, respectively. The velocity of oil and water can be fitted by the
2nd order polynomial equation v = az2 + c, which is consistent with the Navier–Stokes
equations and conforms to the characterization of Poiseuille flow. The green dashed line is
the velocity fitting result of the bulk oil region. The apparent viscosity of the bulk oil region
in this system can be calculated by the driven pressure gradient and fitting parameter a
as [56]:

ηapp = −∇p/2a (4)

The calculated apparent viscosity of the bulk oil region is about 0.470 mPa·s, which
is perfectly consistent with the bulk oil viscosity in unconfined conditions with the same
temperature and pressure [57]. The velocity discontinuity appears at the oil–water interface
and the oil velocity is slightly higher than water velocity, which indicates the slip phe-
nomenon also exists at the liquid–liquid interface. In previous studies, the liquid–liquid
slip has been observed at the interface of two polymers in the bulk condition by experi-
ments [58] and molecular simulation [59,60]. The liquid–liquid slip velocity vs,l refers to the
difference between the oil and water velocity, extrapolated linearly from two boundaries
of the interface region to the center of the oil–water interface region. The liquid–liquid
slip velocity is 3 m/s in this case. The “density dip” is observed at the oil–water interface
region, both in static and flow conditions, leading to a reduction in the shear stress at the
interface. The apparent viscosity of the oil–water interface region, fitted by the Poiseuille
equation, is about 0.196 mPa·s, which is only 0.4 times of the bulk viscosity of n-octane with
the same temperature and pressure. The extremely low viscosity of the oil–water interface
region would affect the fluid transport in confined nanoscale pores.



Energies 2022, 15, 2521 8 of 20

Energies 2022, 15, x FOR PEER REVIEW 7 of 20 
 

 

density distributions are not affected by the driven pressure gradient. This phenomenon 

has also been proved in our previous work, for both single-phase and multi-phase flow 

[31]. Since the quartz surface is hydrophilic, there is no positive slip observed at the 

quartz–water interface. The pink and blue dots are the velocity distributions of oil and 

water obtained by the molecular simulation, respectively. The velocity of oil and water 

can be fitted by the 2nd order polynomial equation 𝑣 = 𝑎𝑧2 + 𝑐, which is consistent with 

the Navier–Stokes equations and conforms to the characterization of Poiseuille flow. The 

green dashed line is the velocity fitting result of the bulk oil region. The apparent viscosity 

of the bulk oil region in this system can be calculated by the driven pressure gradient and 

fitting parameter a as [56]: 

𝜂app = −𝛻𝑝/2𝑎 (4) 

The calculated apparent viscosity of the bulk oil region is about 0.470 mPa·s, which 

is perfectly consistent with the bulk oil viscosity in unconfined conditions with the same 

temperature and pressure [57]. The velocity discontinuity appears at the oil–water inter-

face and the oil velocity is slightly higher than water velocity, which indicates the slip 

phenomenon also exists at the liquid–liquid interface. In previous studies, the liquid–liq-

uid slip has been observed at the interface of two polymers in the bulk condition by ex-

periments [58] and molecular simulation [59,60]. The liquid–liquid slip velocity vs,l refers 

to the difference between the oil and water velocity, extrapolated linearly from two 

boundaries of the interface region to the center of the oil–water interface region. The liq-

uid–liquid slip velocity is 3 m/s in this case. The “density dip” is observed at the oil–water 

interface region, both in static and flow conditions, leading to a reduction in the shear 

stress at the interface. The apparent viscosity of the oil–water interface region, fitted by 

the Poiseuille equation, is about 0.196 mPa·s, which is only 0.4 times of the bulk viscosity 

of n-octane with the same temperature and pressure. The extremely low viscosity of the 

oil–water interface region would affect the fluid transport in confined nanoscale pores. 

 

Figure 5. Density and velocity distribution of oil−water two-phase fluid in quartz nanopores. 

The velocity profile of the fluid in 5 nm quartz nanopores, under various driven pres-

sure gradients, is shown in Figure 6. The flow velocity increases with the increase in the 

driven pressure gradient. The rapid velocity changes are observed as the liquid–liquid 

interface for all cases. We calculated the apparent viscosity of the bulk-like oil region, 

bulk-like water region and oil–water interface region, under various driven pressure gra-

dients, by fitting the velocity profiles of each region. The apparent viscosity of the interface 

region are all ~0.2 mPa·s and the apparent viscosity of the bulk-like oil region and bulk-

like water region are all similar, with unconfined bulk oil and water viscosity under vari-

ous driven pressure gradients, which indicate the apparent viscosity of each region is not 

Figure 5. Density and velocity distribution of oil−water two-phase fluid in quartz nanopores.

The velocity profile of the fluid in 5 nm quartz nanopores, under various driven
pressure gradients, is shown in Figure 6. The flow velocity increases with the increase in
the driven pressure gradient. The rapid velocity changes are observed as the liquid–liquid
interface for all cases. We calculated the apparent viscosity of the bulk-like oil region, bulk-
like water region and oil–water interface region, under various driven pressure gradients,
by fitting the velocity profiles of each region. The apparent viscosity of the interface region
are all ~0.2 mPa·s and the apparent viscosity of the bulk-like oil region and bulk-like water
region are all similar, with unconfined bulk oil and water viscosity under various driven
pressure gradients, which indicate the apparent viscosity of each region is not affected by
the driven pressure gradient. The solid–liquid boundary conditions are not affected by
the driven pressure gradient. Our previous work investigated the oil–water flow in calcite
nanopores and found the liquid–liquid interfacial phenomena only related to the properties
of two liquids. Comparing the flow in the nanopores with various mineral types, we can
also confirm that liquid–liquid interfacial phenomena are not affected by the mineral types.
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Figure 7 shows the comparison of flow velocity distributions of oil and water in 5 nm
quartz nanopores, with various oil mass percentages. The equivalent driven pressure
gradient is the same in three various OMP systems. The liquid–liquid slip velocities at
the oil–water interface, in various OMP systems, are different under the same equivalent
driven pressure gradient. In previous studies, Razavi et al. [61] adopted Lennard-Jones (LJ)
fluid to investigate the hydrodynamic phenomena at the liquid–liquid interface. The results
show the liquid–liquid slip velocity is related to the fluid types and is positively correlated
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with the shear stress at the interface. Fang et al. [62] also observed the liquid interface slip
in the Couette flow in nanopores and the slip velocity related with the thickness of the
wetting phase near the surface. To quantitatively characterize the liquid–liquid slip effect,
Equation (5) is introduced to calculate the liquid–liquid slip velocity:

∆vs,l = ατ (5)

where ∆vs,l is the liquid–liquid slip velocity in m/s; τ is the shear stress in MPa; α is the
liquid–liquid slip coefficient in MPa·s·m−1, which is only related to the physical properties
of two fluids.

Figure 7. The velocity distributions of oil–water in 10 nm quartz nanopores with various OMP:
(a) OMP = 20%; (b) OMP = 40%; (c) OMP = 60%.

The shear stress in this study can be calculated by:

τ = µeff, nC8

∂vnC8

∂z
(6)

where µeff,nC8 is the viscosity of n-octane in mPa·s. The oil viscosity is adopted to calculate
the shear stress, since the oil phase is in the center of the pore, avoiding the influences of
solid surface and the oil layer is thick enough to reduce the calculation error.

3. Mathematical Model

In this section, two oil–water two-phase mathematical models in shale inorganic nanopores
are proposed, based on the phenomena observed by molecular simulation. The solid–liquid
boundaries and the liquid–liquid interfacial phenomena are taken into consideration.

3.1. Liquid Slip Model

The results of the molecular dynamics simulation of oil–water two-phase fluid flow in
shale nanopores indicate that the liquid–liquid slip velocity exists at the oil–water interface,
while the solid–liquid slip phenomena exist near the pore wall. The flow velocities and flow
rates would be underestimated, especially for the non-wetting phase in the center of the
pore, without considering the liquid–liquid slip and solid–liquid slip in nanoscale pores.

To model the oil–water two-phase flow in nanopores more accurately, we propose
a mathematical model considering the nano-confinement effects, including adsorption,
solid–liquid slip and liquid–liquid slip. The basic assumptions of the mathematical model
are: (1) fluids are all incompressible; (2) laminar flow and under steady-state condition;
(3) no chemical reactions and chemical interactions. The oil–water two-phase flow can be
separated into three flow regions: adsorption region, free water region and oil region, as
shown in Figure 8. r = 0 is the center of the cylindrical tube and the cross-section of the flow
region is symmetric about r = 0.
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The governing equation of each flow region can be expressed as:

µad
r

∂

∂r

(
r

∂vad
∂r

)
=

∂p
∂z

, r ∈ [rbw, rad] (7)

µbw
r

∂

∂r

(
r

∂vbw
∂r

)
=

∂p
∂z

, r ∈ [rbo, rbw] (8)

µbo
r

∂

∂r

(
r

∂vbo
∂r

)
=

∂p
∂z

, r ∈ [0, rbo] (9)

The boundary conditions of each region follow the conservation of flow velocities,
the continuity of the shear stress and the conservation of mass. The solid–liquid boundary
condition is a slip boundary, and the slip length can be computed by the contact angle
as [63]:

lst =
0.41

(1 + cos θ)2 (10)

Considering the liquid–liquid slip at the oil–water interface, the boundary conditions
are expressed as follows:

∂vbo
∂r

∣∣∣∣
r=0

= 0; (11)

µbo
∂vbo
∂r

∣∣∣∣
r=rbo

= µbw
∂vbw

∂r

∣∣∣∣
r=rbo

; (12)

µbw
∂vbw

∂r

∣∣∣∣
r=rbw

= µad
∂vad

∂r

∣∣∣∣
r=rbw

; (13)

vbo|r=rbo
= vbw|r=rbo

+ vs,l; (14)

vbw|r=rbw
= vad|r=rbw

; (15)

− lst

(
∂vad

∂r

)
r=rad

= vad|r=rad
(16)

where, lst is the slip length between solid–liquid interface, µad, µbw, µbo are the viscosities of
the adsorption region, bulk water region and bulk oil region, vad, vbw, vbo are the velocities
of the adsorption region, bulk water region and bulk oil region, vs,l is the liquid–liquid
slip velocity.
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Combining the governing equation and boundary conditions, the velocities of each
flow region can be obtained respectively.

vbo =

[
1

4µbo

(
r2

bo − r2
)
+

1
4µbw

(
r2

bw − r2
bo

)
+

1
4µad

(
r2

ad − r2
bw

)
+

rad
2µad

lst

]
∆p
L

+ vs,l (17)

vbw =

[
1

4µbw

(
r2

bw − r2
)
+

1
4µad

(
r2

ad − r2
bw

)
+

rad
2µad

lst

]
∆p
L

(18)

vad =

[
1

4µad

(
r2

ad − r2
)
+

rad
2µad

lst

]
∆p
L

(19)

where ∆p/L is the pressure gradient with the pore length of L.
The fluid flow rate of each flow region then can be calculated by integrating the

velocity distribution over the radius in each region.
The flow rate of the adsorption region Qad is:

Qad =
π∇p
8µadL

[(
r2

ad − r2
bw

)(
r2

ad − r2
bw + 4radlst

)]
(20)

The flow rate of the bulk water region Qbw is:

Qbw =
π∇P

8L

{(
r2

bw − r2
bo

)[ 1
µbw

(
r2

bw − r2
bo

)
+

1
µad

(
2r2

ad − 2r2
bw + 4radlst

)]}
(21)

The flow rate of the bulk oil region Qbo is:

Qbo =
π∇P

8L

{
r2

bo

[
1

µbo
r2

bo +
1

µbw

(
2r2

bw − 2r2
bo

)
+

1
µad

(
2r2

ad − 2r2
bw + 4radlst

)]}
+ πvs,lr

2
bo (22)

3.2. Apparent Viscosity Model

From the molecular simulation, we found that the apparent viscosity of the oil–water
interface region is extremely low. Therefore, based on the various apparent viscosities
of the different flow regions, we proposed another mathematical model by separately
calculating the fluid flow velocity of various flow regions by the apparent viscosity of each
region. For the typical water–oil–water layered structure in shale inorganic nanopores, the
flow regions are divided into four parts, which are adsorption region, free water region,
oil–water interface region and free oil region, as shown in Figure 9.

Energies 2022, 15, x FOR PEER REVIEW 11 of 20 
 

 

The flow rate of the bulk oil region Qbo is: 

𝑄bo=
𝜋∇𝑃

8𝐿
{𝑟bo

2 [
1

𝜇bo
𝑟bo

2 +
1

𝜇bw
(2𝑟bw

2 − 2𝑟bo
2 ) +

1

𝜇ad
(2𝑟ad

2 − 2𝑟bw
2 + 4𝑟ad𝑙st)]} + 𝜋𝑣s,l𝑟bo

2   (22) 

3.2. Apparent Viscosity Model 

From the molecular simulation, we found that the apparent viscosity of the oil–water 

interface region is extremely low. Therefore, based on the various apparent viscosities of 

the different flow regions, we proposed another mathematical model by separately calcu-

lating the fluid flow velocity of various flow regions by the apparent viscosity of each 

region. For the typical water–oil–water layered structure in shale inorganic nanopores, 

the flow regions are divided into four parts, which are adsorption region, free water re-

gion, oil–water interface region and free oil region, as shown in Figure 9. 

 

Figure 9. The schematic diagram of the four flow regions of the “apparent viscosity” model. 

The governing equation for various flow regions can be expressed as: 

𝜇

𝑟

𝜕

𝜕𝑟
(𝑟

𝜕𝑣

𝜕𝑟
) =

𝜕𝑝

𝜕𝑧
 (23) 

The solid–liquid boundary conditions are the same as the “liquid slip model”. Con-

sidering the viscosity variety of different flow regions, the boundary conditions of other 

flow regions all follow the mass conservation, shear stress continuity and velocity conti-

nuity, which can be expressed as: 

① 
𝜕𝑣bo

𝜕𝑟
|

𝑟=0
= 0; (24) 

② 𝜇bo
𝜕𝑣bo

𝜕𝑟
|

𝑟=𝑟bo

= 𝜇ow
𝜕𝑣ow

𝜕𝑟
|

𝑟=𝑟bo

; (25) 

③ 𝜇ow
𝜕𝑣ow

𝜕𝑟
|

𝑟=𝑟ow

= 𝜇bw
𝜕𝑣bw

𝜕𝑟
|

𝑟=𝑟ow

; (26) 

④ 𝜇bw
𝜕𝑣bw

𝜕𝑟
|

𝑟=𝑟bw

= 𝜇ad
𝜕𝑣ad

𝜕𝑟
|

𝑟=𝑟bw

; (27) 

⑤ 𝑣bo|𝑟=𝑟bo
= 𝑣ow|𝑟=𝑟bo

; (28) 

⑥ 𝑣ow|𝑟=𝑟ow
= 𝑣bw|𝑟=𝑟ow

; (29) 

Figure 9. The schematic diagram of the four flow regions of the “apparent viscosity” model.



Energies 2022, 15, 2521 12 of 20

The governing equation for various flow regions can be expressed as:

µ

r
∂

∂r

(
r

∂v
∂r

)
=

∂p
∂z

(23)

The solid–liquid boundary conditions are the same as the “liquid slip model”. Consid-
ering the viscosity variety of different flow regions, the boundary conditions of other flow
regions all follow the mass conservation, shear stress continuity and velocity continuity,
which can be expressed as:

∂vbo
∂r

∣∣∣∣
r=0

= 0; (24)

µbo
∂vbo
∂r

∣∣∣∣
r=rbo

= µow
∂vow

∂r

∣∣∣∣
r=rbo

; (25)

µow
∂vow

∂r

∣∣∣∣
r=row

= µbw
∂vbw

∂r

∣∣∣∣
r=row

; (26)

µbw
∂vbw

∂r

∣∣∣∣
r=rbw

= µad
∂vad

∂r

∣∣∣∣
r=rbw

; (27)

vbo|r=rbo
= vow|r=rbo

; (28)

vow|r=row
= vbw|r=row

; (29)

vbw|r=rbw
= vad|r=rbw

(30)

where, µad, µbw, µow, µbo are the viscosities of the adsorption region, bulk water region,
oil–water interface region and bulk oil region, vad, vbw, vow, vbo are the velocities of the
adsorption region, bulk water region, oil–water interface region and bulk oil region.

Combining the governing equation and the boundary conditions, the velocity distri-
bution of each flow region can be solved as:

The velocity of the bulk oil region r ∈ [0, rbo] is

vbo =

[
1

µbo

(
r2

bo − r2
)
+

1
µow

(
r2

ow − r2
bo

)
+

1
µbw

(
r2

bw − r2
ow

)
+

1
µad

(
r2

ad − r2
bw

)
+

2rad

µad
lst

]
∆p
4L

(31)

The velocity of the oil–water interface region r ∈ [rbo, row] is

vow =

[
1

µow

(
r2

ow − r2
)
+

1
µbw

(
r2

bw − r2
ow

)
+

1
µad

(
r2

ad − r2
bw

)
+

2rad
µad

lst

]
∆p
4L

(32)

The velocity of the bulk water region r ∈ [row, rbw] is

vbw =

[
1

µbw

(
r2

bw − r2
)
+

1
µad

(
r2

ad − r2
bw

)
+

2rad
µad

lst

]
∆p
4L

(33)

The velocity of the adsorption region r ∈ [rbw, rnw] is

vad =

[
1

µad

(
r2

ad − r2
)
+

2rad
µad

lst

]
∆p
4L

(34)

The volumetric flow flux can be obtained by integrating the velocity distribution of
each region over the radius of each region as:

Qad =
∫ rad

rbw

vad2πrdr =
π∇p

8µadLz

[(
r2

ad − r2
bw

)(
r2

ad − r2
bw + 4radlst

)]
(35)

Qbw =
π∇p
8Lz

{(
r2

bw − r2
ow

)[ 1
µbw

(
r2

bw − r2
ow

)
+

1
µad

(
2r2

ad − 2r2
bw + 4radlst

)]}
(36)
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Qow =
π∇P

8L

{(
r2

ow − r2
bo

)[ (r2
ow − r2

bo
)

µow
+

(
2r2

bw − 2r2
ow
)

µbw
+

(
2r2

ad − 2r2
bw + 4radlst

)
µad

]}
(37)

Qbo =
π∇p
8Lz

r2
bo

[
r2

bo
µbo

+

(
2r2

ow − 2r2
bo
)

µow
+

(
2r2

bw − 2r2
ow
)

µbw
+

(
2r2

ad − 2r2
bw + 4radlst

)
µad

]
(38)

4. Model Validation and Discussion

To verify the feasibility of the mathematical models proposed in this study, we com-
pared the velocity profiles predicted by our model with the mathematical model developed
by Cui et al. [34], which only considered the solid–liquid interface without considering
liquid–liquid interfacial phenomena (marked as “literature model” in the plot), and also ver-
ified this by comparing it with the molecular simulation results. Cui’s model adopted the
solid–liquid slip length to quantitatively characterize the solid–liquid boundary condition,
while the velocity continuum was assumed at the liquid–liquid interface.

4.1. Model Validation of Liquid–Liquid Slip Model

Figure 10 presents the comparison of the velocity distribution predicted by the
“liquid–liquid slip” model and predicted by the model without considering liquid–liquid
interfacial phenomena in 5 nm quartz nanopores, under different driven forces. The results
show that the velocity predicted by the “liquid–liquid slip” model fitted well with the
velocity profile obtained by the molecular simulation. The velocity predicted by the mathe-
matical model, without considering liquid–liquid interfacial phenomena, is significantly
underestimated for the velocity of the non-wetting phase in the center of the pore, and the
error increases with the increase in driven pressure gradient. Figure 11 is the comparison of
velocity profiles, computed by the liquid slip model and molecular simulation results. We
adopted several different systems, with various pore sizes, driven pressure gradients and
oil mass percentages. The results show that the velocities calculated by the “liquid–liquid
slip” model agree well with the molecular simulation results, in all cases, which confirms
the feasibility of this model in different conditions. Therefore, considering liquid–liquid in-
terfacial phenomena is necessary for the mathematical model of nanoscale multiphase flow.
The comparison results also confirmed the feasibility and the accuracy of the “liquid–liquid
slip” model proposed in this study.
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Figure 11. The comparisons of fluid velocity profiles in quartz nanopores calculated by “liquid−liquid
slip” model with molecular simulation data: (a) 5nm pore with OMP = 50%; (b) 5 nm pore with
OMP = 60%; (c) 10 nm pore with OMP = 40%; (d) 10 nm pore with OMP = 60%.

4.2. Model Validation of Apparent Viscosity Model

To verify the “apparent viscosity model”, the width of the oil–water interface region is
a constant (~0.365 nm). The widths of the bulk-like oil region and bulk-like water region are
determined by the pore size and oil mass percentage. Figure 12 presents the comparison of
the velocities predicted by the “apparent viscosity” model and predicted by the mathemati-
cal model, without considering the oil–water interface region. Figure 12a,b are the systems
of OMP = 60% in 5 nm quartz nanopores and the system of OMP = 40% in 10 nm quartz
nanopores. As the results show, the larger the driven pressure gradient and the larger the
oil mass percentage, the larger the error of velocity prediction caused by the neglect of the
oil–water interfacial phenomena. Figure 13 presents the comparison of velocity profiles
computed by the “apparent viscosity” model and molecular simulation results in different
systems. The results show the velocity profiles predicted by the “apparent viscosity” model
fitted well with the molecular simulation results, in all cases, which verified our model is
feasible for various systems, with different pore sizes, driven pressure gradien, ts and oil
mass percentages.
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4.3. Flow Rate

The flow rate of oil and water, computed by the molecular simulation QMD, can be
obtained by the number density and velocity distribution as:

QMD =
∫ r1

r2

ρn(r)v(r)dr (39)

where QMD is the flow rate calculated by the molecular dynamics simulation, ρn(r) is the
number density of the fluids, v(r) is the velocity of fluids and r1 and r2 are the positions of
the start and end of the flow region, respectively.
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Figure 14 presents the oil flow rates, predicted by various mathematical models, under
different driven forces, in different oil–water two-phase flow systems. The oil flow rates
increase linearly with the increase in the driven forces, which indicates Darcy’s law is
feasible to describe the oil flow of oil–water two-phase flow in nanoscale pores. The flow
rates predicted by the two models proposed in this study fitted well with the simulation
result, while the significant difference appears between the flow rate predicted by the
mathematical model without considering liquid–liquid interfacial phenomena and the
simulation results. The relative error increases with the increase in driven force.
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quartz slit with OMP = 40%; (d) 5 nm calcite slit with OMP = 60%.

To describe the performance of the mathematical models quantitatively and intuitively,
we calculated the relative error of different models as:

∆ε = |(Qcal −QMD)/QMD| (40)

where Qcal is the flow rate computed by the mathematical model.
Figure 15 shows the relative error of flow rate computed by mathematical mod-

els compared with the molecular dynamic simulation results with the driven force of
0.0035 kcal·mol−1·Å−1. The relative error of predicted flow rates by the two models pro-
posed in this study, for various oil–water two-phase systems, are all within 4%, which
indicates the accuracy of our models. However, the relative error between the flow rates
calculated by the mathematical model without considering oil–water interfacial phenomena
and computed by the molecular simulation in the various systems are all larger than 18%,
and increase with the increase in OMP, which also proves the importance of interfacial
phenomena in nanoscale flow.
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5. Conclusions

In this study, we firstly investigated the oil–water two-phase occurrence state and
fluid flow in quartz nanopores by equilibrium molecular dynamics simulation (EMD)
and non-equilibrium molecular dynamics simulation (NEMD), respectively. Water was
preferentially adsorbed on the surface due to the hydrophilic nature of the hydroxylated
quartz surface, forming the water–oil–water layered structure. The “density dip” was
observed at the oil–water interface region. No positive slip effect has been observed at
the solid–liquid interface during fluid flow. The velocity profiles of oil and water can be
fitted by quadratic equation and obey the characterizations of Poiseuille flow. The apparent
viscosity of oil in the center of the pore is almost the same as the bulk oil viscosity under
the same temperature and pressure, while the apparent viscosity of the oil–water interface
region fitted by velocity profile was approximately 0.196 mPa·s, which was extremely
low. Meanwhile, the liquid–liquid slip effect was observed at the oil–water interface. The
oil–water interfacial phenomena were only related to the physical properties of two liquids,
and not affected by the solid interface and driven pressure gradient.

Based on the static and dynamic phenomena of oil–water two-phase flow in quartz
nanopores, obtained by the molecular dynamics simulation, we proposed two mathematical
models, considering both solid–liquid interfacial phenomena and liquid–liquid interfacial
phenomena, denoted as “apparent viscosity” model and “liquid–liquid slip” model. The
mathematical models were validated by comparing with the molecular simulation results
and the model without considering liquid–liquid interfacial phenomena in previous studies.
The results indicated that both the two mathematical models can accurately describe the oil–
water flow behaviors in nanopores and the relative errors were within 4%. The flow velocity
and flow rate would be significantly underestimated without considering liquid–liquid
interfacial phenomena. The molecular simulation study of oil–water two-phase flow in
shale inorganic nanopores and the improved mathematical models provided the theoretical
foundation for the pore-scale simulation and field-scale simulation.
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