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A B S T R A C T

Multiphase flow in porous media involves a variety of natural and industrial processes. However, the microscopic
description of multiphase flow is challenging due to fluid-fluid and fluid-solid interactions combined with
complex pore topology. Thus, a systematic review of multiphase flow from molecular to pore scale perspectives is
necessary. This work summarizes recent progress in numerical modeling of multiphase flow from molecular
scale, pore scale, and reservoir scale simulations considering micro- and nanoscale effects. The analysis focuses
on immiscible and miscible flow associated with liquid and gas phases, highlighting the micro- and nanoscale
effects on the flow characteristics. Molecular simulations capture nanoscale effects such as adsorption, diffusion,
and slip behaviors. The variation of wettability, pressure, and fluid saturation leads to film, slug, and droplet
flows in nanopores. Pore scale simulations explain complex flow behaviors in microporous and nanoporous
media. Capillary number and wettability lead to different invasion morphologies. Adsorption and slip effects are
non-negligible for fluid flow in nanoporous media. Furthermore, there are obvious differences in reservoir
simulation results with and without considering micro- and nanoscale effects. Generally, this in-depth review is
intended to provide a comprehensive description of the multiphase flows through multiscale simulation methods
being developed and assist industrial processes.

Nomenclature

Parameters
A Pore cross-section area
Ab Bulk region area
Aw Confined region area
d Distance from pore center
h Rectangular capillary height
Kn Knudsen number
L Capillary length
l Mean free path of free gas molecules
ls Slip length
M Viscosity ratio
P Pressure
Pc Capillary pressure of a circular capillary
Pr Capillary pressure of a rectangular capillary
r Pore radius
u Velocity
us Slip velocity
uw Near-wall phase fluid velocity

(continued on next column)

(continued )

w Rectangular capillary width
γ Interfacial tension
θ Contact angle
μ Liquid viscosity
μb Bulk phase fluid viscosity
μeff Effective fluid viscosity
μw Near-wall phase fluid viscosity
λ Pore diameter
Abbreviations
Ca Capillary number
DPD Dissipative particle dynamics
DNS Direct numerical simulation
EOR Enhanced oil recovery
HP Hagen-Poiseuille
LB Lattice Boltzmann
LBM Lattice Boltzmann method
LS Level set
MMP Minimum miscible pressure
MC Monte Carlo
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(continued )

MD Molecular dynamics
PNM Pore network model
TOC Total organic carbon
VOF Volume of fluid

1. Introduction

Multiphase flow is defined as the transport behaviors consisting of
gas-liquid-solid in the same space simultaneously, and plays a non-
negligible role in many fields of natural science and engineering, such
as coal-biomass flow in power plants (Yan et al., 2018), gas-water flow
in fuel cells (Kone et al., 2017), gas-liquid flow in bubble column re-
actors (Fard et al., 2020), gas-liquid-particle flow during drug delivery
(Farnoud et al., 2020; Rahimi-Gorji et al., 2022), and oil-gas-water-solid
flow in oil/gas reservoirs (Patel et al., 2019; Zhu et al., 2021; Liu et al.,
2022b). Due to fluid-fluid and fluid-solid interactions, the multiphase
flow process is complex compared to the well-understood single-phase
fluid flows (Wang et al., 2021a). Multiphase flow behaviors in complex
porous media are uncertain due to the complicated pore throat struc-
tures and phase distributions (Bakhshian et al., 2019). Especially in the
field of hydrocarbon extraction, the porous media is composed of a
variety of minerals and has multiscale characteristics from nm to m. This
results in the coexistence of different multiphase fluids (oil-water,
oil-gas, gas-water, water-solid, oil-CO2, oil-CO2-water, etc.), leading to
complex multiphase flow behaviors in porous media (Foroozesh and
Kumar, 2020; Zhang et al., 2024). Clarifying the multiphase flow be-
haviors in complex porous media is extremely important, not only for
hydrocarbon extraction but also for theoretical and engineering
applications.

The research methods for studying multiphase flow in porous media
include experiment, theory, and numerical simulation. Core-scale
displacement experiment is a commonly used method to study multi-
phase flow, and couples with online nuclear magnetic resonance to
observe the multiphase fluid distribution simultaneously (Baban et al.,
2023; Tang et al., 2023). Although the core-scale experiment is an
effective method to obtain macroscopic application parameters, it
cannot accurately characterize the interface dynamics in realistic pore
spaces and then explore the microscopic mechanism affecting the
macroscopic flow characteristics. Fortunately, the pore scale micro-
fluidic experimental methods can intuitively visualize the interface dy-
namics and multiphase distributions, and then the microscopic
migration mechanisms can be clarified (Gogoi and Gogoi, 2019). How-
ever, microfluidic chips have certain limitations in terms of pore size and
experimental conditions, such as nanoscale microfluidic chips and high
temperature/pressure experimental conditions that are difficult to ach-
ieve. Meanwhile, the microfluidic chip is generally a two-dimensional
(2D) structure and cannot accurately represent the spatial migration
mechanisms of multiphase fluids in a three-dimensional (3D) structure.
Moreover, experiments associated with nanoscale porous media are
highly expensive. At present, scholars have employed theoretical
methods to characterize the layered flow of oil-water and gas-water
(Wang et al., 2019a; Tian et al., 2022a), as well as the spontaneous
and forced imbibition behaviors in nanoscale pores (Li et al., 2022; Tian
et al., 2022). Based on the capillary tube bundles, the theoretical
equation of confined liquid flow in single nanopores is extended to
porous media (Cai et al., 2014). However, realistic porous media exhibit
complex pore structures and heterogeneous wettability; therefore, the
ideal theoretical approach lacks accuracy and is no longer applicable.

With the development of computer technology, the numerical
simulation method is popular with the advantages of safety, high effi-
ciency, accuracy, and low consumption in simulating multiphase flows.
According to the modeling scale, numerical simulation can be divided
into molecule scale, pore scale, and macroscale methods. The

macroscale numerical method simulates the multiphase flow by solving
the continuity equation and then obtains the macroscopic parameters.
Similar to the core-scale experiment, the macroscale numerical simu-
lation ignores the complex pore structure of porous media and cannot
accurately clarify the multiphase fluid distribution and migration
mechanisms. Alternatively, molecule scale and pore scale numerical
methods can effectively capture the evolution of multiphase interfaces
in various pore structures and are ideal methods to intuitively and
accurately explain the microscopic multiphase flow mechanisms
(Golparvar et al., 2018; Chen et al., 2022). Among them, the molecular
dynamics (MD) method can accurately capture the interaction forces
between fluid-fluid and fluid-solid molecules, and truly simulate the
dynamic and static physical and chemical behaviors of fluids in micro-
and nanoscale pores (Cai et al., 2024a; Wu et al., 2024). For example, by
simulating the static distribution behavior of multiphase fluids on
different mineral surfaces and in different mineral pores, the wettability
characteristics and adsorption effects caused by fluid-solid forces can be
calculated (Chen et al., 2020; Sun and Bourg, 2020; Yang et al., 2020).
By simulating the multiphase flow behavior in nanoconfined spaces, the
fluid-fluid and fluid-solid interaction parameters with different mineral
compositions can be calculated (Zhang et al., 2021b). Due to computa-
tional limitations, current physics models for MD simulation are typi-
cally restricted to single nanopores or simplified pore-throat structures.
Moreover, the pore scale simulation can extend the multiphase flow in a
single nanopore to a porous media with complex structures. The influ-
ence mechanisms of pore structure properties, heterogeneous wetta-
bility, and micro- and nanoscale effects on the flow behaviors of
multiphase fluid in porous media can be further explored. The pore scale
simulation is generally used to simulate the multiphase flow behavior in
complex pore structures under the action of capillary force and viscous
force (Zhao et al., 2023). However, it is impossible to calculate the
microscopic phenomena caused by intermolecular forces, such as the
different slip lengths and wettability characteristics of different mineral
surfaces, and these parameters are usually set manually. In nanoscale
porous media, the parameters caused by the intermolecular interaction
forces can be calculated byMD simulation, and the pore scale simulation
of multiphase flow can be carried out to analyze the flow mechanisms.

Currently, extensive research has been conducted on the numerical
simulations of multiphase flow processes. These studies include the
theoretical methods and MD simulations for multiphase flow within
single nanopores (Fig. 1(a) and (b)), as well as pore scale modeling for
the complex flow processes within porous media (Fig. 1 (c)). In addition,
reservoir simulations considering micro- and nanoscale effects have
been developed (Fig. 1 (d)), achieving satisfactory progress. Therefore,
this work systematically reviews multiphase flow from the molecular
scale, pore scale to the reservoir scale according to the scale upgrading
scheme (Fig. 2). Firstly, the fluid-fluid and fluid-solid interaction
mechanisms involved in the multiphase flow process are theoretically
analyzed in Section 2. Then, MD simulations are introduced in Section 3
to explain the effects of these microscopic mechanisms on multiphase
flows within single nanopores. To improve the modeling scale for
analyzing multiphase fluid flow in complex porous media, Section 4
introduces pore scale simulation methods that consider micro- and
nanoscale effects. Finally, the impact of micro- and nanoscale effects on
reservoir simulation results is discussed in Section 5 to illustrate the
practical significance of this review.

2. Micro- and nanoscale effects in multiphase flow

Single-phase and multiphase flow processes are affected by micro-
and nanoscale effects. Slip means that the fluid has a certain tangential
velocity at the pore surface, which affects liquid and gas flow in the
nanochannel. Contact angle and interfacial tension play a significant
role in multiphase fluid transport. Fluid-fluid and fluid-solid interactions
are manifested as capillary and slip effects.

J. Cai et al. Gas Science and Engineering 131 (2024) 205441 

2 



Fig. 1. Description of (a) multiphase flow mechanism considering micro- and nanoscale effects, and the multiphase flow process at (b) molecular scale (Xu et al.,
2020), (c) pore scale (Cai et al., 2024), and (d) reservoir scale (Hovorka et al., 2009).

Fig. 2. Comprehensive analysis flowchart.
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2.1. Liquid transport

The flow velocity profile of liquid in conventional scale pores is a
typical parabolic shape, which can be calculated by the Hagen-Poiseuille
(HP) equation:

u=
ΔP

(
r2 − d2

)

4μL (1)

where u is velocity, r is pore radius, d is distance from pore center, μ is
liquid viscosity, ΔP/L is pressure gradient. However, in the nanoscale
pores, the liquid-solid interaction force cannot be ignored, resulting in a
liquid flow velocity greater than 0 on the mineral surface (Fig. 3 (a)),
which is defined as the slip velocity us. The slip velocity can be calcu-
lated by the slip length ls and velocity gradient:

us = − ls
∂uw
∂r |d=r (2)

where uw is the velocity of the near-wall phase fluid.
The slip length is typically within the nanoscale range and compa-

rable to the dimensions of nanopores (Thomas and McGaughey, 2008;
Secchi et al., 2016), thus emphasizing the importance of slip in affecting
flow capacity (Wu et al., 2017). Compared with the volume flux pre-
dicted by the classical no-slip HP equation, the flow capacity considering

the slip effect is increased by 100~107 times (Wu et al., 2017). In con-
ventional scale pores, nanoscale slip lengths also exist on the mineral
surface, but their impact is negligible due to the large pore size.
Therefore, the consideration of slip effects is unnecessary in conven-
tional theoretical and simulation methods.

In addition to the slip velocity caused by the liquid-solid interaction
force, it also causes the heterogeneous viscosity of the liquid (Qin et al.,
2024a), that is, the viscosity of the near-wall phase fluid (μw) is different
from that of the bulk phase fluid (μb) due to the influence of the solid
molecular interaction forces on the fluid molecules in the near-wall re-
gion. The heterogeneous viscosity can be expressed by the effective
viscosity (μeff ) calculated by area weighting (Thomas and McGaughey,
2008):

μeff = μw
Aw

A
+ μb

Ab

A
(3)

where Aw, Ab and A are the area of the confined region, bulk region, and
pore cross-section. According to molecular simulation, there are about 2
layers of molecules near the wall affected by the molecular interaction
force of the solid, and the near-wall thickness of the oil and water phase
is about 1 nm and 0.7 nm (Zhang et al., 2017). When the liquid-solid
adhesion force is large, the effective slip length will be negative, that
is, the velocity of the near-wall liquid is about 0. Under the influence of

Fig. 3. Micro- and nanoscale effects in fluid flow. (a) Liquid slip flow regimes (Qin et al., 2024a). (b) Free and adsorbed gas flow. (c) Spontaneous imbibition in
rectangular capillaries (Liu et al., 2022b). (d) Liquid-liquid slip flow in nanoscale pores (Wang et al., 2022).
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different liquid-solid interaction forces, the near-wall viscosity is about
0.1–10 times that of the bulk viscosity. The flow capacity is increased by
0.1–10 times compared with the volume flow predicted by the classical
no-slip HP equation.

2.2. Gas transport

For viscous flow, the gas molecules mostly collide with other mole-
cules during their movements, and the collisions with the pore surface
can be ignored. The situation is quite different from the viscous flow
when the gas molecules transport through nanoscale pores. On one
hand, the mean free path of free gas molecules (l) is approaching or
larger than the characteristic length of the pore (usually takes the pore
diameter (λ)), therefore, the interactions between the gas molecules and
the pore surface becoming more frequent and cannot be ignored. On the
other hand, the strong attraction between the pore surface and gas
molecules results in parts of gas molecules existing in the adsorbed state,
whose transport characteristics are also different from that of the free
gas (i.e., bulk gas). Therefore, the transport mechanisms of free gas and
adsorbed gas should be analyzed, respectively (Fig. 3 (b)).

Knudsen number (Kn) is usually introduced to judge the flow regimes
of free gas, which is defined as:

Kn =
l
λ

(4)

The flow regimes of free gas are divided into: (1) viscous flow/con-
tinuum flow regime (Kn < 10− 3), gas molecules densely filled in
microscale pores. Euler equation is accurate for the gas transport pre-
diction of viscous flow. For isodiametric pores with circular cross-
sections, the gas flow rate can be calculated by the Hagen-Poiseuille
equation. (2) Slip flow regime (10− 3 ≤ Kn < 10− 1), the gas velocity
near the pore surface is not zero anymore with the decrease of pore size,
still intermolecular collision dominated. In this case, the Navier-Stokes
equations coupling with different slip boundary conditions
(Struchtrup, 2005; Javadpour et al., 2021) are usually used to depict the
gas flow. Except for the convection effects of viscous flow and slip flow,
Fick’s diffusion also occurs when Kn < 0.1. However, the gas perme-
ability of Fick’s diffusion is much smaller than that of viscous flow and
slip flow. (3) Transition diffusion regime (10− 1 ≤ Kn < 101), the inter-
molecular collision, and the gas molecule-pore surface collision are of
equal importance for gas flow. (4) Free molecule flow regime/Knudsen
diffusion regime (Kn ≥ 101), the gas molecules are rarefied in small
nanoscale pores, and the collisions are gas molecule-pore surface
dominated (Gilron and Soffer, 2002; Roy et al., 2003; Mo et al., 2022).

Adsorbed gas molecules are not static but mobile, and surface
diffusion is an important transport mechanism, which is crucial for
nanoscale pores with strong adsorption capacity, such as shale and coal
(Tian et al., 2022b; Wang et al., 2024a). There are primarily two ap-
proaches to studying the mechanism of surface diffusion. One is Fick’s
law, which relies on the concentration gradient of adsorbed gas as the
driving force (Xiong et al., 2012; Wu et al., 2016a; Cai et al., 2019); and
the other is Maxwell-Stefan theory-based, which is driven by the
chemical potential gradient (Wu et al., 2015; He et al., 2017; Zhang
et al., 2019a).

2.3. Multiphase transport

Multiphase flow in microporous and nanoporous media is a complex
process. In addition to the flowmechanisms involved in single-phase gas
and liquid flow, complex interfacial interactions should also be consid-
ered, including capillary effects, two-phase interactions, and three-
phase interactions.

2.3.1. Capillary effect
The capillary force is the pressure difference between the immiscible

wetting and the non-wetting fluids on both sides of the interface. The

capillary force is equal to the component force of the interfacial tension
force along the flow direction. For circular capillaries, capillary pressure
(Pc) is calculated based on Laplace’s equation:

Pc =
2γ
r
cos θ (5)

where γ is the interfacial tension, θ is the contact angle.
The magnitude of the capillary force is closely related to the inter-

action between the fluid and the solid surface (i.e. contact angle) (Liu
et al., 2022b), the fluid-fluid interaction (i.e. interfacial tension) (Feng
et al., 2022), and the capillary radius. The increasing contact angle re-
duces the fluid-solid interaction. While the contact angle is not a specific
value in the actual flow process (Li et al., 2023). Receding and advancing
contact angles are formed as the liquid flows on the rough surface
(contact angle hysteresis). Advancing contact angle reflects the
fluid-solid cohesion, receding contact angle reflects the fluid-solid
adhesion. An increase in flow velocity results in an increase in the
advancing contact angle and a decrease in the receding contact angle.
Moreover, the interfacial tension is proportional to the capillary pres-
sure and is constant in immiscible flows. However, for the CO2 miscible
flow, convection and diffusion are the main fluid transport mechanisms.
The CO2 dissolved in the liquid phase reduces the fluid viscosity and
interfacial tension, enhancing the displacement efficiency (Wang et al.,
2023b).

Capillary shape is a key factor in controlling capillary force. The
perimeter of the liquid-solid interface corresponding to the complex
capillary shape is large, resulting in higher capillary pressure. The
capillary pressure for a rectangular capillary (height, h, and width, w) is
given by Dong Sung et al. (2002):

Pc =2γ
(
1
h
+

1
w

)

cos θ (6)

The wetting fluid invades the non-wetting system by capillary force
under hydrophilic conditions, (i.e. spontaneous imbibition). The inter-
face curvature of the two phases is negative during imbibition, and
corner flow may occur in rectangular capillary due to the large capillary
force in the corners (Fig. 3 (c)). The interface curvature is positive under
hydrophobic conditions; the wetting fluid relies on external forces to
displace wetting fluids.

The capillary force is not negligible in micro- and nanoscale multi-
phase flows. During drainage, the displacement is significantly affected
by narrow throat structures that correspond to large capillary resistance.
This causes the Haynes jumps and the entrainment of the non-wetting
fluid within the wetting fluid. In contrast, the imbibition process is
controlled by pore-throat structures that correspond to positive capillary
forces, and the displacement mechanism is complicated due to the
corner film flow, piston-like displacement, and snap-off events.

2.3.2. Slip effect
The fluid-fluid and fluid-solid interfaces are assumed to be no slip in

homogeneous immiscible two-phase flow. However, the velocity of the
two phases is quite different due to the liquid-liquid slip and liquid-solid
slip in nanoconfined multiphase flows (Vega-Sánchez et al., 2022; Wang
et al., 2023a), as displayed in Fig. 3 (d). Unlike the macroscale multi-
phase flow, the nanoconfined multiphase flow in nanoporous media
involves a variety of flow regimes. It includes adsorption, diffusion,
fluid-solid slip, and the fluid-fluid slip.

Wetting and non-wetting fluids exhibit different flow behaviors on
pore surfaces. The hydrophilic pore surface restricts the flow of wetting
fluids, while the flow of non-wetting fluid is enhanced due to weak fluid-
solid interaction (Qin et al., 2024b). Not only solid-liquid slip between
fluid-solid interface but also liquid-liquid slip caused by heterogeneous
viscosity occurs at the near-wall region. This results in stratified velocity
distribution in the capillary. In addition, the liquid-liquid slip caused by
heterogeneous viscosity occurs at the interface region of two phases,

J. Cai et al. Gas Science and Engineering 131 (2024) 205441 

5 



resulting a unique velocity profile. Because of these phenomena, there is
a difference between the holdups and cuts of the phases compared to no
slip flows, and the fluid viscosity varies in different stratified regions
(Fig. 3 (d)). In a water-wet nanoscale capillary, the flow regions are
divided into adsorbed water, bulk water, water-oil interface layer, and
bulk oil (Zhan et al., 2020b).

3. Molecular simulations for nanoscale multiphase flow

Molecular simulation generally refers to the simulation of the
structure and behavior of atoms and molecules. Starting from the basic
principles of statistical mechanics, it replaces experimental measure-
ments with calculated data and obtains relevant physical and chemical
information. The commonly used methods of molecular simulation
include MD and Monte Carlo. MD method is based on classical me-
chanics, quantum mechanics, and statistical mechanics, which aims to
research a multi-body system composed of atoms and molecules. It is
assumed that each nucleus moves under the action of the empirical
potential field generated by all other nuclei and electrons. The nucleus
moves according to Newton’s law of motion. Monte Carlo method is a
statistical sample method that uses random numbers to solve numerical
problems. MD simulations provide the ability to investigate multiphase
flow mechanisms in nanopores. However, MD simulations are usually
limited to single nanopores due to expensive computational resources.

3.1. Immiscible multiphase flow

In immiscible multiphase flow systems, there are distinct interfaces
between fluids. Fluid flow and interfacial behavior in nanoconfined
pores are affected by wettability, pore topology, and phase distribution.
MD simulations can provide detailed information on the viscosity and
density distribution within nanoconfined pores, allowing for a better
understanding of flow characteristics.

3.1.1. Nanoscale flow behaviors
The thin film flow is complicated due to its free surface. MD simu-

lation method is used to simulate the Couette and Poiseuille flow of
molecular film-like fluid, and the velocity distribution of the confined
film is distorted (Bitsanis et al., 1987, 1988). This phenomenon is caused
by the local film density changes with the film thickness, and the film
thickness is only several times the diameter of the fluid molecule. As
displayed in Table 1, MD simulations have been applied to explore the
film flow characteristics in different types of nanochannels. Due to the
strong affinity between the solid surface and the fluid, the film flow
velocity is limited. Besides, the wall roughness also has an important

effect on the film flow in nanochannels. For fluid film confined in a
nanochannel, the roughness of the wall surface could influence the shear
viscosity. Slug and droplet flow are potential flow patterns in micro- and
nanoscale immiscible two-phase flows. Slug flow consists of a sequence
of bubbles or slugs having the consistent width as the tube. Each bubble
or slug is surrounded by a thin layer of the carrying phase and is sepa-
rated by slugs (Yao et al., 2015; Etminan et al., 2023). In capillaries less
than 2mm in diameter, due to strong interface effects and viscous forces,
slug and droplet flow is the dominant flow state (Kreutzer et al., 2005;
Ufer et al., 2011). Especially at the nanoscale, the flow mechanism is
more complex due to the slip effect. The application of MD simulations
in slug and droplet flow is investigated (Table 1). The sliding velocity of
water droplets on rough kerogen pore surfaces is related to the pressure
gradient and surface roughness, and the droplet is barely deformed. For
slug flow, wettable fluid molecules form a liquid bridge to separate
non-wettable fluid to form slug flow patterns. Actually, the flow patterns
in nanopores are affected by wettability, displacement pressure, and
fluid saturation. At low wetting fluid saturation, wetting fluids tend to
film flow, and as the saturation increases, water bridges are formed, and
non-wetting fluids form slugs (Fig. 4 (a)). These complex flow mor-
phologies lead to heterogeneous density distribution in nanopores
(Fig. 4 (b)).

For multiphase flow in nanoporous media, the flow mechanism is
complex due to the diverse pore shapes and sizes. In fact, MD simulation
does not directly obtain the flow properties in porous media subject to
computational limitations. Therefore, MD simulation is usually adopted
to explore the flow characteristics in different pore types in order to
indirectly describe the flow behavior within nanoporous media.
Currently, a large number of studies on nanoscale multiphase flow
within intricate porous media primarily focus on kerogen, a solid sedi-
mentary organic material that does not dissolve in ordinary organic
solvents (Pawar et al., 2017; Zhang et al., 2022a). The kerogen contains
a large number of nanoscale pores, with the diameter generally being
less than 2 nm (Chalmers et al., 2012). As a result, the flow behavior of
fluids in the real kerogen is complex and the transport mechanism in
realistic kerogen nanopores is crucial to shale oil and gas production.
However, due to differences in biological precursors and maturity,
different types of kerogen have different structures (Vandenbroucke and
Largeau, 2007), leading to complex pore systems. Based on experi-
mental analysis data, Ungerer et al. (2015) created a 3D model of
kerogen for a variety of oil shale types and maturity stages utilizing MD
simulations. These models have been extensively employed to analyze
the static and dynamic properties of oil and gas within the kerogen
matrix. In addition, the presence of water not only competes with the
fluid for adsorption sites and interferes with the interactions between

Table 1
Various flow behaviors in nanopores.

Reference Method Flow
types

Analysis factors Conclusions

Takaba et al. (2007) Nonequilibrium MD
technique

Film flow Poiseuille flow of molecular thin fluid Strong membrane-wall interaction corresponds to small film flow
velocity, which has a significant effect on density distribution.

Sofos et al. (2010) Nonequilibrium MD
technique

Film flow The influence of wall roughness on
film flow

The shear viscosity of a rough wall is higher than that of the smooth
wall, and the diffusion coefficient is smaller near a rough wall.

Kasiteropoulou et al.
(2013)

Dissipative particle
dynamics

Film flow Film flow on the wall with periodic
groove

Wall roughness diminishes the sliding velocity of the fluid on rough
walls.

Yong and Zhou
(2022)

Full-atoms MD simulations Droplet
flow

Sliding process of water droplets on
rough pore surfaces in the kerogen
system

Sliding velocity is related to pressure gradient and surface roughness,
and forward contact angle is almost equal to backward contact angle.

Liu et al. (2018) Equilibrium and
nonequilibrium MD
simulations

Slug flow Methane-water flow in hydrophilic
nanopores

Flow morphology can be manifested as water film, water bridge, and
water column under different pressures, and the flow patterns also
depend on wettability.

Xu et al. (2020) External field non-
equilibrium MD

Slug flow Effect of wettability on gas-water
flow in nanopores

For the hydrophilic pore surface, water molecules concentrate in the
pore center, forming a water bridge and gas slug.

Xiong et al. (2020) MD simulations Slug flow Methane-water flow in illite
nanopores

Positive potassium layer and negative hydroxyl group induced a local
electric field, which is conducive to the formation of a water bridge.
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kerogen and the fluid, but also blocks the flow channels (Sui et al.,
2020). Gong et al. (2020) developed moist kerogen II-D models and
discovered that the presence of water significantly diminishes the vol-
ume of accessible pores, consequently resulting in a reduced capacity for
methane adsorption. The diffusion capacity of methane will also
decrease with the increase of water content. Sang et al. (2022b) con-
ducted simulations to investigate the behavior of methane and water
flow within kerogen slits, analyzing how factors such as water satura-
tion, the width of the slits, temperature, and pressure influence the
distribution and velocities of the fluids. For hydrophobic kerogen sur-
face, water tends to formwater clusters in the gas phase under low water
saturation conditions, whereas at high water saturation, water tends to
form a water layer in the middle of the pores. The presence of water
slightly increases the gas velocity when the water saturation is less than
0.5. When the size of silt is reduced to 2 nm, it becomes challenging to
establish a continuous phase of either gas or water. Wu et al. (2023)
observed that the adsorption of methane facilitates the merging of water
clusters and prevents their lateral expansion along the wall surfaces at
high water concentrations.

In addition, particle-based dissipative particle dynamics (DPD),
similar to MD simulation, have been applied to simulate multiphase flow
in porous media. This is a mesoscale simulation method, where a par-
ticle represents a group of molecules and atoms. Therefore, it can
perform simulations on larger length and time scales compared to MD
simulations (usually 10 nm–1000 nm and 1 ns-10 ms) (Ahmadi et al.,
2022). Liu et al. (2007) verified the DPD simulations for multiphase flow
in microchannels and complex networks. They concluded that the
multiphase flow process is complex in porous media due to the influence
of viscosity, capillary force, gravity, and channel structure. In recent
years, DPD has been widely used in colloids and interface phenomena
related to nanoparticles, surfactants, phase separations, etc. (Santo and
Neimark, 2021).

3.1.2. Imbibition process in nanopores
The imbibition process of wetting fluid in nanopores is an important

mechanism for enhanced hydrocarbon recovery. The interactions of
microscopic forces in nanopores are complex. Oyarzua et al. (2015)
classified imbibition into three flow types through MD simulations
(Fig. 5 (a)). In the initial regime, capillary force is only balanced by the
inertial force, and the formation of meniscus significantly affects the
imbibition rate. The impact of inertial and viscous forces is significant in

the transitional regime. Subsequently, a flow regime is formed in which
viscous forces dominate the capillary force balance. In addition, the
interaction between porous surface and fluid varies with different pore
types, which affects the imbibition mechanism. Yang et al. (2017)
conducted simulations to study the imbibition process of octane and
water molecules within graphite and quartz slits, with varying widths of
1, 1.5, and 2 nm. In quartz slits, the oil and water imbibition rate from
MD is quite close to the result from the Handy model. However, in the
graphene slits, the imbibition rate of oil and water obtained by MD is
significantly higher than the predicted value of the Handy model. This
behavior is mainly attributed to the enhanced intermolecular interaction
of octane and graphite on the nanopore wall. It is noticed that the ex-
istence state of polar molecules in the nanopores also affects the
mechanism of imbibition (Fig. 5 (b)). The adsorption energy and the
orientation of the molecules are critical factors in defining the state of
existence for polar molecules. (Wang et al., 2021b). At the nanoscale,
the transport of n-alkane molecules is mainly affected by molecular
structure and molecular motion (Fig. 5 (c)). Slit width, temperature, and
n-alkane molecules type affect the flow rate (Sang et al., 2022a). The
presence of a high concentration of short-chain alkanes, coupled with
high temperatures, promotes the movement of the alkane mixture
through the kerogen slits.

3.1.3. Influencing factors of nanoscale multiphase flow
For the fluid-solid interactions, the nanopore surface may behave as

hydrophobic and hydrophilic (Mu et al., 2023). There is a difference
between the flow behavior in hydrophobic and hydrophilic pore sur-
faces (Fig. 6 (a)). To quantify the effect of fluid-solid slip on liquid flow,
the relationship between the slip distance and the contact angle is ob-
tained based on the MD simulations (Huang et al., 2008). As the contact
angle increases, the slip distance increases exponentially, indicating that
the effect of solid-liquid slip in the nanopores is significant. However,
this phenomenon weakens with increasing pore size. Water in the hy-
drophilic quartz slit leads to the formation of water films. A water cluster
locates at the center of the methane phase in a hydrophobic kerogen slit
at low water saturation, but a water layer will form at high water
saturation. In both wettability conditions, water occupies the flow space
and reduces the flow path of the gas. In addition, the multiphase flow in
nanopores depends on irreducible water saturation (Li et al., 2017),
solid substrate (Bui et al., 2017), and pressure gradient. Due to pressure
gradients and wettability, the flow pattern of water will change between

Fig. 4. Water-gas flow in nanopores with different wettability (Xu et al., 2020); (a) Flow patterns; (b) Normalized density distribution of water.
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the water film, water bridge, and water column (Fig. 6 (b)). This is due to
the nonuniform density/viscosity distribution near the surface (Liu
et al., 2018).

As for the fluid-fluid interactions, the exchange of momentum be-
tween water and methane molecules at the gas-water interface signifi-
cantly influences the flow characteristics. The occurrence of liquid-
liquid slip within nanopores should not be disregarded. For octane

flow in quartz nanopore with the presence of thin water film, there exists
a typical phenomenon of liquid-liquid slip at the interface between oc-
tane and water where the fluid velocity changes rapidly (Zhan et al.,
2020a). The apparent viscosity of the liquid at the interface of
octane-water is only half of the viscosity of bulk water and octane
respectively. The length of the carbon chain also affects the two-phase
flow behavior of alkane and water in nanopores of quartz (Xu et al.,

Fig. 5. Characteristics of fluid motion in the imbibition process. (a) Force interactions during imbibition (Oyarzua et al., 2015). (b) Effect of polar molecules on
imbibition (Wang et al., 2021b). (c) Imbibition process of n-alkanes in kerogen slits with different widths (Sang et al., 2022a).

Fig. 6. Fluid molecules and density distribution in nanopores. (a) Water and methane distributions in quartz and kerogen slits for different water saturations (Sang
et al., 2022b). (b) Water and methane distributions under different pressures (Liu et al., 2018). (c) Fluid density and velocity profile distribution in different regions
of nanopore (Xu et al., 2022).
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2022). At the interface region of n-alkane and water, the n-alkane
molecules tend to be parallel to the pore surface, and this tendency is
accelerated by long n-alkane molecules, resulting in a decrease in the
width of the interface region (Fig. 6(c)). In addition, Wang et al. (2024b)
found that polar substances such as toluene and asphalt in crude oil
would accumulate in the interface area and weaken liquid-liquid slip.
These phenomena indicate that the liquid-liquid slip mechanism is
complex.

Complex pore structure also influences the transport behavior of
fluids in nanoscale pores. He et al. (2015) conducted MD simulations of
adsorption and diffusion processes based on randomly generated
nanoporous media. The surface area significantly affects the diffusion
behavior, and a large surface area corresponds to a small diffusion co-
efficient. For the description of fluid flow in complex pore topology, MD
simulation is limited to a single pore throat structure. Tang et al. (2015)
conducted simulations of fluid flow through hourglass-shaped nano-
pores by varying the cone angle and the length of the cylindrical section.

3.2. CO2 miscible flow

The CO2 injection method has been demonstrated to be an effective
means of enhanced oil and gas recovery (Lee et al., 2019; Zhou et al.,
2019). CO2 can reduce the interfacial tension and viscosity of crude oil,
and induce crude oil swelling and vaporization (Zhang et al., 2018).
Under the formation condition, CO2 is in a supercritical state, and can
enter the reservoir to dissolve crude oil (Wu et al., 2016b; Ho and Wang,
2019). As usual, CO2-enhanced oil recovery (CO2-EOR) is typically
divided into two categories: immiscible and miscible flooding (Cao and
Gu, 2013; Jia et al., 2019). Miscible flooding means that CO2 and oil are
miscible, and a mixed phase is formed above the minimum miscible
pressure (MMP) (Shokrollahi et al., 2013). Temperature alters the
equilibrium between the liquids, which in turn affects the miscible state
and MMP in nanopores (Wang et al., 2016b; Sun and Li, 2021). Because
the MMP of CO2 is low and the pressure of the shale reservoir is much
greater than the miscible pressure of CO2 and hydrocarbon, the injected
CO2 is mainly in miscible and near-miscible states (Alharthy et al., 2017;
Sambo et al., 2023). Especially in low-permeability oil reservoirs,
miscible flooding effectively improves oil recovery (Zhou et al., 2020).

Researchers have studied the diffusion (Mohammed and Mansoori,
2018) and convection (Noorian et al., 2014; Liu et al., 2017) of CO2
flooding by the MD method. Liu et al. (2017) investigated the
micro-mechanism of CO2 displacing shale oil at different injection rates.
They concluded that the miscible zone is primarily comprised of alkane
molecules that are isolated from the bulk alkane surface and dissolved in
CO2, and CO2 molecules that are penetrating into the alkane phase. Yan
et al. (2017) studied the transport behavior of oil in nanopores and the
influence of CO2 activating effect (Fig. 7 (a)). CO2 dissolved in the water
phase contributed little to the transport of the oil droplet, while the CO2
diffused into the oil molecules and weakened the interaction of the oil
droplet. As a result, the oil droplets become more stretchable, and the
pressure difference needed to overcome the Jamin effect is reduced,
facilitating the transport of the oil droplets. Zhou et al. (2020) studied
the miscible flow of CO2 under different velocities and developed a
dispersion model considering slip length and boundary conditions.
Notably, the convection significantly enhances the miscible process in
nanopores, and the enhancement effect is close to the plate velocity.
Yuan et al. (2023) explored the adsorption and flow mechanism of
CO2-decane miscible flow in nanoscale pores and quantitatively char-
acterized the changes in CO2 content in the adsorption layer. They found
that CO2 adsorbed on the surface changes the boundary flow pattern.

Water is present in almost all shale formations, including connate
water and water injected by hydraulic fracturing (Wang et al., 2018). Li
et al. (2021) explored the distribution mechanism and flow behavior of
CO2 in different water-filled nanopore sizes. Water can be completely
displaced by CO2 in pores with the size of 1 nm. In larger pores, the CO2
dissolved in the center of the pore space but formed nanoclusters near

the surface (Fig. 7 (b)). According to Henry’s law, some CO2 dissolves in
water under pressure, affecting the exposure of oil to CO2. Dissolved CO2
reduces the pH of the in-situ water, causing carbonate minerals to
dissolve and pore volumes to increase (Sambo et al., 2023). Lee et al.
(2019) found that up to 9.5% of CO2 is stored by the shale matrix due to
dissolution, increasing the recovery factor by 2%. In addition, when the
oil content is low, a water bridge is formed in the middle of the pore,
forming the slug flow (Zhang et al., 2021b). Liu et al. (2022a) found that
the injected CO2 would break through the water bridge, enhancing the
flow of the oil and increasing the recovery rate. During the breakthrough
process, the adsorbed water film becomes thicker, and the mixing degree
of CO2 and oil increases.

4. Pore scale modeling of multiphase flow and applications

MD simulations fail to obtain the flow behaviors in complex pore
systems due to the limited molecule weight, while pore scale simulations
become a popular method to explore multiphase flow processes in
porous media. Currently, pore scale simulations can address flow be-
haviors in microporous and nanoporous media by taking into account
micro- and nanoscale effects.

4.1. Microscale multiphase flow

Pore scale modeling of multiphase flow can be roughly divided into
two categories: pore network model (PNM) and direct numerical simu-
lation (DNS) methods (Liu et al., 2023; Qin et al., 2023). PNM simplifies
the complex pore system and can simulate multiphase flow in large-scale
models. DNS method retains the actual pore topology and has advan-
tages in describing complex microscopic flow mechanisms.

4.1.1. Numerical simulation method
PNM simplifies the pore structure into a network composed of con-

nected pores and throats, and each pore and throat has specific struc-
tural and spatial information. In general, pore structure information can
be extracted from the digital core based on the maximum sphere method
and central axis method to simplify the pore system and generate PNM
(Mehmani et al., 2020). The maximum sphere algorithm was proposed
by Silin et al. (2003), but this study did not extract PNM from digital
cores. Al-Kharusi and Blunt (2007) applied this method to generate PNM
of sandstone and carbonate rocks. Dong (2008) improved the maximum
sphere algorithm theory and proposed a clustering algorithm that can
clearly divide pores and throats. The central-axis algorithm simplifies
the pore space into a topological skeleton and accurately preserves the
pore topology. In addition, the established central axis contains redun-
dant branches or multiple central axis nodes. Therefore, after estab-
lishing the central axis, redundant branches and unreasonable central
axis nodes should be deleted to avoid producing high coordination
numbers. In subsequent studies, de Vries et al. (2017) randomly placed
spherical micropores with different porosity characteristics into
large-scale PNM to construct a two-scale PNM and studied the fluid flow
and mass transfer process by adjusting the number of micropore net-
works and the pore volume fraction. Rabbani et al. (2020) established a
three-scale PNM with a large-scale network coupled with fracture and
microporous network to simulate gas and liquid flow. Due to the
coarse-grained description of the pore geometry, more computational
resources are saved in the process of model calculation. It is of great
significance for the characterization of multiphase flow on the scale of
representative volume elements (Joekar-Niasar and Hassanizadeh,
2012; Lin et al., 2021; Won et al., 2021). However, due to the homog-
enization of fluid flow in single pores, the application of this method has
significant limitations for the complex displacement process.

The DNS method divides pore systems into multiple computing units
to ensure the accuracy of numerical calculations at the pore scale. This
feature enables the capture of complex interfacial dynamics. At present,
the level set (LS) method, phase field, volume of fluid (VOF) and Lattice
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Boltzmann method (LBM) are widely used pore scale models for simu-
lating displacement behavior. Osher and Sethian (1988) proposed the LS
method, which is widely used in fluid dynamics. LS mainly uses the
function index defined implicitly by zero contours to determine the
immiscible interface position. The function index still follows the evo-
lution of the convection equation in time and space, and combines the
discrete interval algorithm to control the immiscible interface (Ning
et al., 2023). The VOF method identifies the free surface by analyzing
the volume fraction of two-phase fluids in the grid element (Hussain
et al., 2023). It is suitable for solving multiphase flow problems with
multiple structural interfaces that need to be tracked. The LBM does not
capture the dynamic behavior of individual molecules or directly dis-
cretize the hydrodynamic equations, but instead focuses on tracking the
particle distribution. The fluid is discrete into a large number of virtual
particles, and the virtual particles stream and collide on the regular
lattice at a certain discrete speed. The governing equation of LBM is the
Lattice Boltzmann (LB) equation, which is a discrete equation about the
particle distribution function and is completely different from the fluid
dynamics equation. However, there is a correlation between the LB
equations and the fluid dynamics equations. LB equations can be
restored to the Navier-Stokes equations. Therefore, LBM is considered as
a second-order precision solution for weakly compressible Navier-Stokes
equations.

4.1.2. Displacement behavior research
The influence of pore throat structure and connectivity on

displacement is significant. Generally, the greater the difference in pore
throat size, the worse the connectivity and the more obvious the trap-
ping of non-wetting fluids. A large number of studies on immiscible
displacement at the pore scale show that immiscible displacement will
exhibit complex flow behavior due to the influence of injection condi-
tions and fluid properties. Table 2 shows the displacement patterns
under different capillary numbers and contact angles (Zhao et al., 2016;
Bakhshian et al., 2020; Bakhshian et al., 2021; Xiao et al., 2021).
Displacement modes can be roughly divided into capillary fingering,
viscous fingering, and stable displacement according to the function of
capillary number and viscosity ratio (Lenormand et al., 1988). On this
basis, Zhang et al. (2011) classified the fluid displacement behavior into

viscous fingering region, capillary fingering region, stable displacement
region, and the remaining mixed cross flow patterns through the capil-
lary number and viscosity phase ratio diagram, which directly reflected
the influence of the competition between capillary force and viscous
force on displacement behavior. In addition, displacement behavior is
also affected by pore geometry. Primkulov et al. (2018) studied the
mechanism of pore filling processes and showed that the interface
merged inside the pore, making the wetting phase fluid adhere to the
solid surface. This mechanism depends on the pore geometry and
wettability.

Since the displacement front is composed of a large number of curved
liquid surfaces, studies have revealed the root cause of the difference in
the overall characteristics of the two-phase interface from themovement
of curved liquid surfaces in a single pore and the competition and
cooperation between liquid surfaces in adjacent pores (Jung et al.,
2016). During the drainage, Haines jumps may lead to local imbibition
of the wetting phase at the stenosis (Fig. 8(a)), possibly resulting in
isolated non-wetting ganglia at the interface front (Al-Gharbi and Blunt,
2005). In the process of drainage, the Haines jump is the main pore scale
behavior, in which the influence of inertia force is significant, and the
interface variation and the energy dissipation are large (Berg et al.,
2013). Under strong wetting conditions, due to the significant capillary
effect, interfaces will appear in the pore corner and rough surfaces.
These fluid interfaces have priority over the main terminal interface
flow under the action of greater capillary pressure. This phenomenon is
called corner flow and film flow. Due to the different sources of capillary
forces controlling the movement of these interfaces, the corner flow or
film flow often exhibits asynchrony with the main terminal interface
during imbibition. When the corner flow and film flow pass through the
throat, the wetting fluid accumulates and expands, which makes it easy
to snap in the throat. Sanp-off, as shown in Fig. 8 (b), is more likely to
occur in the pore structures with a large pore throat ratio under strong
wetting conditions (Singh et al., 2017). The unstable behavior at the
interface is not a local phenomenon but depends on the spatial distri-
bution of the previous fluid morphology on the time characteristic scale
and exceeds the single pore on the spatial characteristic scale. These
small disturbances will accumulate and amplify, resulting in large
changes in fluid displacement morphology (Ferrari et al., 2015; Pak

Fig. 7. CO2 miscible flow in nanopores. Typical snapshots of transport process of oil with CO2 molecules (Yan et al., 2017). (b) Snapshots of water and CO2 dis-
tribution in different pore sizes (Li et al., 2021).
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et al., 2015). In addition, the effects of wettability and pore structure on
multiphase flow in complex pore networks can be reflected by variations
of macroscopic parameters such as capillary pressure, relative perme-
ability, and inlet pressure. Therefore, by quantifying the microscopic
flow effect of immiscible displacement, the influence mechanism at the
pore scale can be reflected in the macroscopic fluid flow behavior. For
the miscible multiphase flow, such as the CO2-oil-water system, the CO2
phase not only changes the pore filling mechanism and displacement
behavior (Chang et al., 2017) but also changes the macroscopic prop-
erties such as effective viscosity (Li et al., 2019; Zhang et al., 2021c),
relative permeability and fluid distribution (Yong et al., 2021) through
diffusion (Wu et al., 2022), competitive adsorption (Fang et al., 2017)
and convection.

4.2. Nanoscale multiphase flow

Pore scale simulations considering capillary effects have been widely
used for microscale multiphase flow in complex porous media. While
nanoscale multiphase flow involves complex flow mechanisms,
including boundary slip, adsorption, and diffusion (Feng et al., 2022),
these have not been fully studied in porous media. MD simulations are

used to investigate nanoconfined multiphase flow, which accurately
captures various fluid-fluid and fluid-solid interactions. However, this
method is computationally expensive and limited to single nanoscale
pores, which limits its application in nanoporous media. To this end,
considering nanoscale mechanisms in pore scale simulation can obtain
satisfactory research results.

4.2.1. Modeling of multiphase flow in nanoporous media
Currently, only a few studies have focused on exploring multiphase

flow in nanoconfined pores using pore scale simulations. PNM and DNS
methods have been adopted for nanoconfined multiphase flows. The
simulations of water-gas and water-oil flow in complex porous media are
realized by introducing nanoscale effects in traditional two-phase flow
based on PNM (Song et al., 2023). Typically, the initial PNM is saturated
with water and non-wetting fluid invades the PNM. Fig. 9 (a) displays
the gas-water distribution in equivalent rectangular and triangle
water-wet pores after drainage. Fluids are stratified along the pore
surface as adsorbed water, bulk water, gas-water interface, and bulk gas.
Such stratified fluids correspond to non-uniform flows due to the het-
erogeneous distribution of viscosity and density, resulting in
liquid-liquid slip. However, the velocity of the two phases is continuous

Table 2
Displacing behavior under different conditions.
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at the fluid-fluid interface of micropores according to Navier-Stokes
equation, which may not be valid in the nanoporous media. There are
two types of slip boundary conditions in the pore spaces. One is
liquid-solid slip, which represents the slip between the fluid and the
solid surface. It is controlled by wettability, and the slip length related to
the contact angle varies significantly for different fluids in confined
multiphase flows. The other is liquid-liquid slip, which occurs at the
fluids interface and is caused by differences in fluids viscosity and
density. The interface liquid-liquid slip occurred at the interface region
can be divided into no slip, partial slip, and free slip (Feng et al., 2022).
Specifically, no slip means that there is no loss of momentum transfer
between two phase interfaces; partial slip represents the partial loss of
momentum transfer, and free slip means that there is no momentum
transfer between the fluid-fluid interface. Kucala et al. (2017) present a
fluid dynamics model considering two-phase fluid interfacial slip, to
characterize the surface roughness on interfacial slip flow during
displacement. They conclude that apparent slip occurs between the
invading fluid and the residual fluid trapped in the pits of a rough pore
surface and affects the permeability.

In contrast, DNS methods directly solve the multiphase flow process
in complex porous media by considering the nanoscale effect.
Commonly used slip models for fluid-solid interactions include Navier
slip model and Maxwell slip model. Liquid-liquid slip can be solved
directly based on the apparent viscosity and density of the stratified
regions. Although the pore scale DNS methods considering liquid-liquid
slip are computationally intensive, they can capture complex two-phase

flows, such as slug, entrainment, and bubble flow. Zhang et al. (2021a)
proposed a pseudo-potential-based LBM to simulate gas-water flow
considering fluid-fluid and fluid-solid interactions (Fig. 9 (b)). The
model was calibrated by simulating phase separation, Laplacian bub-
bles, contact angles, and static nanoconfined bubbles, and the simula-
tion results agree with the separation pressure theory.

4.2.2. Influencing factors of nanoscale multiphase flow
Confined multiphase flow in nanoporous media is closely related to

the development of unconventional hydrocarbon resources, fuel cells,
and geological storage of carbon dioxide. Typically, the pore structure
properties of nanoporous materials are complex. Conventional experi-
mental methods are difficult to obtain satisfactory results for nano-
confined multiphase flow and the cost is expensive. However, pore scale
simulation may achieve satisfactory results by considering the nanoscale
effect, which intuitively captures the residual fluid distribution, relative
permeability, and capillary pressure curves of nanoporous media.

Wettability is a key factor affecting nanoconfined multiphase flow,
which controls the fluid-solid interaction and near-wall viscosity. Ma
et al. (2014) obtained the hydrophobic nanoporous structure of fuel cells
based on focused ion beam scanning electron microscopy and improved
the PNM considering slip flow and Knudsen diffusion. They conclude
that the inlet pressure increases with increasing contact angle. The
variation of capillary pressure curves at different contact angles under
strong hydrophobic conditions are basically consistent, corresponding
to similar pore filling processes. In addition, understanding the relative

Fig. 8. Pore filling events. (a) Haines jumps during drainage and the interface movement distance versus time (Zacharoudiou and Boek, 2016). (b) Snap off during
imbibition and the corresponding change of capillary pressure (Singh et al., 2022).
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permeability and residual fluid distribution of nanoporous materials
helps the efficient development of unconventional hydrocarbon re-
sources. A large number of nanopores are distributed in both organic
and inorganic matter in unconventional reservoirs, which show different
wettability and flow characteristics. Song et al. (2018) constructed a 3D
hydrophobic PNM based on 2D scanning electron microscope images of
shale to simulate the water flooding process considering the nanoscale
effects such as adsorption, surface diffusion, and slip (Fig. 10 (a)). They
concluded that small pore size leads to increased gas relative perme-
ability and decreased water relative permeability due to the gas
adsorption layer on the surface. Cui et al. (2019) constructed a PNM that
can properly distinguish organic and inorganic pores based on the actual
shale pore size distribution curves; the water-oil flow simulations were
carried out by establishing the slip length and corner flow models of
circular, square, and equilateral triangular pores. They concluded that
the slip effect has a significant influence on relative permeability curves.
Zhang et al. (2022b) carried out the water flooding simulation based on
mixed wetting PNM considering adsorption and slip effect; the water
relative permeability increases and the oil flow capacity decreases
slightly compared with no slip condition; the increase in total organic
carbon (TOC) content leads to a narrowing of the oil-water coexistence
zone of the relative permeability curves and a significant increase in the
residual oil saturation.

As for DNS methods, it can capture complex flow patterns, so it has a
more accurate description of pore filling mechanisms and residual fluid
distribution. Zhang et al. (2021a) simulated gas-water flow in
dual-wettability nanoporous media using pseudo-potential LBM. They
concluded that isolated organic matter impedes the flow of water,

resulting in high residual gas saturation. Wang et al. (2022) proposed a
nanoscale multi-relaxation-time multicomponent and multiphase LBM
to investigate water-oil flow considering liquid-solid slip, liquid-liquid
slip, and heterogeneous viscosity. They concluded that liquid-solid slip
can increase oil-water flow capacity but decrease relative permeability;
the liquid-liquid interface slip can increase the relative permeability of
the non-wetting phase; the higher the TOC content, the lower the oil
relative permeability (Fig. 10 (b)). In addition, Wang et al. (2023b)
further developed multicomponent and multiphase LBM for oil–CO2
competitive adsorption and the oil–CO2 miscible flow. They discussed
the effect of CO2-oil miscibility on water-oil flow (Fig. 10 (c)).

5. Reservoir simulation considering micro- and nanoscale
effects

Underground reservoirs are huge porous media systems (Okoroafor
et al., 2022), and a large number of primary and secondary pores will be
formed due to sedimentation, dissolution, etc. (Nolansnyder and Par-
nell, 2019). These pores are interconnected to form storage spaces. It is
known that the reservoir matrix contains formation water and hydro-
carbon resources, which leads to multiphase flow in multiscale struc-
tures (Yang et al., 2019; Yu et al., 2021). Understanding the multiphase
flow mechanism in reservoirs is crucial for the effective exploration and
development of hydrocarbon resources. For the simulation of large-scale
underground multiphase flow, multiscale effects are obvious for un-
conventional reservoirs, not only containing a large number of nano-
scale pores but also widely developing fractures (Hu et al., 2017, 2022).
Hydraulic transition phenomena are significant in multiscale pore

Fig. 9. Pore scale modeling methods for multiphase flow in nanoporous media. (a) PNM (Cui et al., 2019); (b) DNS method (Zhang et al., 2021a).
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structures (Sivanesapillai et al., 2014). Slip flow is significant in nano-
scale pores, and as pore size increases, no-slip laminar flow is dominant
in microscale pores, while high-speed nonlinear flow may occur in
fracture structures. The multiphase flow mechanisms in microporous
and nanoporous media are described above by MD and pore scale sim-
ulations. However, there are differences in simulation methods and
control equations for microscale and macroscale multiphase flow. The
equivalent method or homogenization theory is commonly used to
establish the multiscale flowmodel (Fan et al., 2019). In addition, digital
cores can be reconstructed based on multiscale images fused with
discrete fractures (Huang et al., 2022). The finite element method could

be used for the coupling solution of a multiscale flow process. Therefore,
it is necessary to establish a macroscopic multiphase flow model
considering micro- and nanoscale effects, and accurately predict the
development process of unconventional reservoirs.

The microscopic flow mechanism is complex due to adsorption,
dissolution, and diffusion, which makes conventional Darcy’s law un-
usable. The interaction forces between liquid phase molecules and ma-
trix skeleton also need to be considered by introducing slip boundary
conditions (Wang et al., 2016a). In addition, widely developed natural
and fractured fractures are important storage spaces and migration
pathways. Fractal discrete fractures and embedded discrete fractures are

Fig. 10. Pore scale simulation of multiphase and multicomponent flow in nanopores. (a) Nanoscale gas-water flow in hydrophobic PNM of organic pores (Song et al.,
2018); (b) Water-oil flow in nanoscale pores considering solid-liquid and liquid-liquid slip (red for oil, blue for water) (Wang et al., 2022); (c) Water-oil-CO2
multiphase and multicomponent flow in nanopores (Wang et al., 2023b).
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used for the coupling multiscale simulation considering the capillary
pressure of micropores and the high conductivity of fractures (Ma et al.,
2020). Based on the actual geological data, underground fracture net-
works can be constructed for simulation (Yang et al., 2022). Meanwhile,
with the development of imaging technology, fracture networks can be
constructed based on digital cores (He et al., 2023).

Reservoir simulation outputs the fluid pressure and saturation over
time. For unconventional reservoirs, fluids flow in multiscale systems,
ranging from micro/nanoscale pores to hydraulic fractures up to hun-
dreds of meters in size. This means that conventional reservoir models
have difficulty characterizing complex flow behavior in reservoirs. The
basic idea of multiscale methods is to integrate fine scale equations into
coarse scale equations to solve local flow problems (Abdullah et al.,
2019). Zhang et al. (2019b) established a simulation model considering
the nanoscale effects and deformation (Fig. 11(a) and (b)). They
analyzed the fluid properties in nanopores and predicted the production
capacity of the reservoirs. Ran et al. (2023) considered micro- and
nanoscale effects (capillary forces and slip flow) in reservoir simulation
and derived an apparent permeability model with slip boundary con-
ditions. They found that the production rate was 6% lower than that not
considering micro- and nanoscale effects. In addition, Xiao et al. (2023)
proposed an apparent permeability model for shale gas reservoirs and
incorporated the apparent permeability models into reservoir simula-
tion (Fig. 11(c) and (d)). The influence of micro- and nanoscale effects

on gas production was studied. They found that ignoring the micro- and
nanoscale effects have a significant impact on gas production. The dif-
ference in cumulative gas production between considering and not
considering micro- and nanoscale effects is 19.5%. Therefore, consid-
ering micro- and nanoscale flowmechanisms in macroscopic models can
make simulation results more accurate.

6. Conclusions and outlook

Multiphase flow is a common scenario in industrial processes. Con-
ventional continuous-scale homogeneous models have been extensively
explored. However, the micro- and nanoscale multiphase flow processes
are complex due to adsorption, diffusion, slip, and capillary effects.
Since underground reservoirs contain a large number of micro- and
nanoscale pores, fluid-fluid and fluid-solid interaction mechanisms may
significantly affect macroscopic flow performance at the reservoir scale.
This review systematically investigates the mechanisms of micro- and
nanoscale flow, including the capillary and slip effects involved in
immiscible flows, and the diffusion and convection effects required for
miscible flows. MD simulations are introduced to explain multiphase
flow mechanisms in single nanopores from atomic and molecular per-
spectives. Based on this, the pore scale simulation methods are devel-
oped for simulating complex flow behaviors in nanoporous and
microporous media. To highlight the practical implications of micro-

Fig. 11. Reservoir scale simulation considering micro- and nanoscale effects. (a) Oil saturation after production in three cases: case A (without confinement effect),
case B (with confinement effect), and case C (with confinement effect and stress-dependent deformation). (b) Oil production process under three conditions (Zhang
et al., 2019b). (c) Pressure distribution of shale gas fracturing wells. (d) Shale gas production with and without considering micro- and nanoscale effects (Xiao
et al., 2023).
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and nanoscale effects, the impact of micro- and nanoscale effects on
reservoir scale multiphase flows is analyzed for guiding production. It is
worth noting that this review focuses on applications of mutiphase flow
modeling, while the specific numerical simulation algorithms are not
discussed in depth.

Furthermore, the review systematically describes micro- and nano-
scale multiphase flow mechanisms that are difficult to characterize
experimentally. This has practical significance for an in-depth under-
standing of the development of unconventional hydrocarbon resources
and the microscopic mechanism of carbon dioxide geological seques-
tration. The underground reservoirs contain a large proportion of micro-
and nanoscale pores. MD and pore scale simulations help understand the
flow characteristics inside the reservoirs. Specifically, MD simulations
obtain the adsorption, diffusion, capillary, and slip effects in single
nanopores; the complex displacement process in porous systems can be
explained based on the developed pore scale simulations. Existing
studies have shown that exploring micro- and nanoscale flows is of
practical significance. The difference in production between considering
and not considering micro- and nanoscale effects is close to 20% (Xiao
et al., 2023). In fact, this effect is related to the pore structure properties
of reservoirs and is significant in tight reservoirs. Therefore, accounting
for slip and capillary effects in macroscale multiphase flow simulations
can help accurately predict production processes. Development pro-
cesses can be optimized according to the micro- and nanoscale simula-
tion results.

For future research directions, MD simulation methods can be com-
bined with pore scale simulation methods to improve the modeling
scale. Unconventional reservoirs face extreme in-situ conditions, and
fluid flow properties, wettability, heat and mass transfer parameters are
difficult to characterize experimentally. MD simulations can calculate
these parameters, correct the pore scale simulation parameters, and thus
accurately predict the complex flow process in nanoporous media.
Although pore scale simulations provide insights into displacement
patterns, fluid distribution, relative permeability, etc., they are
computationally expensive. Applying the developing deep learning al-
gorithms to predict complex flow processes can accelerate computation.
The existing PoreFlow-Net (Santos et al., 2020) and physical-informed
Unet network (Zhao et al., 2024) have been proposed for the predic-
tion of flow fields in microporous media. More convolutional neural
network algorithms need to be explored to predict dynamic displace-
ment processes and residual flow distributions in multiphase flows. In
addition, the multiphase transport mechanisms involving CO2 are
complex under in situ reservoir conditions. Supercritical CO2 dissolves
in water and oil by convection and diffusion. This causes the aqueous
solution to become acidic and react chemically with the rock, affecting
the flow process. Thus, attention should be paid to multiphase multi-
component flows that consider miscibility, diffusion, and reaction for
enhanced hydrocarbon recovery and CO2 storage efficiency. For reser-
voir simulations, the pore structures are usually assumed to be homo-
geneous, which does not conform to the actual characteristics of
unconventional reservoirs. Therefore, reservoir simulation methods
coupling of heterogeneous pore-fracture structures should be further
developed to comprehensively reflect the influence of micro- and
nanoscale effects on macroscopic multiphase flows.
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