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Abstract:
A comprehensive understanding of the intricate water/gas two-phase flow in sedimentary
pores is essential for accurately predicting gas production following the in-situ dissociation
of natural gas hydrates, as it is crucial for optimizing resource extraction strategies.
This study constructed three typical clay slit nanopore models with distinct wettability
characteristics – hydrophilic, relatively hydrophobic, and Janus hybrid-wettability – and
used molecular dynamics simulations to investigate the spatial distribution and transport
dynamics of two-phase fluids under varying water saturation conditions. The results
revealed a significant negative correlation between water saturation and gas relative
permeability. When water saturation reaches a critical threshold, the water lock effect
occurs, blocking gas flow. Pore wettability plays a key regulatory role in water/gas phase
dynamics via influencing the formation pathways of water locks. In relatively hydrophobic
pores, weaker solid-water interactions promote the rapid clustering of water molecules,
forming water locks, while hydrophilic surfaces enable water lock formation through
gradual thickening of the liquid film. In Janus pores with low water saturation, strong
electrostatic interactions between oppositely charged pore walls facilitate the formation of
discrete water bridge networks, maintaining “gas windows” that allow gas flow, although
these windows eventually close as saturation increases. The lower the water saturation,
the more favorable it is for gas transport; in contrast, hydrophilic pores exhibit higher
gas transport efficiency. Our findings provide valuable molecular-scale insights into how
wettability governs multiphase flow transport, offering a theoretical foundation for reservoir
modification and seepage control in natural gas hydrate recovery.

1. Introduction
Natural Gas Hydrates (NGHs) are non-stoichiometric

crystalline compounds, consisting of hydrocarbon (primarily
methane) guest molecules encapsulated by water molecules

in polyhedral cages (Dendy and Koh, 2007). Due to their im-
mense energy potential, NGHs are acknowledged as a prospec-
tive alternative clean energy resource (Collett et al., 2015).
Various methods have been derived for exploiting NGHs,
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including thermal stimulation, depressurization, CO2 gas re-
placement, chemical additive injection, solid-state fluidized
mining, etc., with depressurization being the most prevalent
technique applied (Li et al., 2016; Ye et al., 2020). Most
extraction techniques, except for solid-state fluidized mining,
involve in-situ phase changes-in line with the formation and
dissociation of hydrates-along with the seepage of water and
gas released from dissociated hydrates. Despite substantial
advancements in hydrate exploitation, significant challenges
persist, including sand production (Uchida et al., 2016; Fang et
al., 2023; Li et al., 2024a), secondary hydrate formation (Yang
et al., 2019), clay mineral swelling due to water absorption
(Low, 1980; Madsen and Müller-Vonmoos, 1989), and the
deformation behavior of methane hydrate-bearing sediments
by hydrate dissociation (Hyodo et al., 2013, 2014), all of
which can compromise reservoir permeability, and the resul-
tant permeability reduction may precipitate a rapid decline in
gas production rates.

Relative permeability, a key factor influencing extraction
efficiency, describes the flow ability of a fluid in a multi-
phase system. Several studies have aimed to determine the
relative permeability of water/gas multiphase flow in hydrate
reservoirs (Li et al., 2024b). Permeability in hydrate-bearing
sediments was found to be primarily influenced by factors
such as grain size, porosity, pore connectivity, water saturation,
hydrate saturation, and hydrate occurrence modes (Kleinberg
and Griffin, 2005; Daigle et al., 2015; Cai et al., 2020).
Naturally, hydrate resources are primarily found in the pores
of fine-grained marine sediments, whose sizes typically range
from hundreds of nanometers to micrometers; pore throats can
also be as small as a few nanometers (Boswell, 2009; Huang
et al., 2023). One of the typical characteristics of natural gas
hydrate reservoirs is their low porosity and permeability. Due
to nanoscale effects-such as slip boundary conditions, non-
continuum behavior, high specific surface area, and strong
fluid-solid interactions-fluid flow in nanoscale pores deviates
significantly from macroscopic flow. This deviation is gov-
erned by complex mechanisms involving the combined effects
of slip flow, surface diffusion, adsorption-desorption dynamics,
and possible phase transitions near pore walls, all of which
are strongly influenced by the physicochemical properties
of fluid and the pore surface composition (Karniadakis et
al., 2005; Falk et al., 2010). Due to the coexistence and
interplay of these factors, coupled with the experimental and
modeling limitations, the governing mechanisms of nanofluid
flow remain poorly understood, constraining our knowledge of
seepage processes in sediments after hydrate dissociation.

To elucidate the relative permeability of water/gas and
underlying mechanisms, it is imperative to investigate the
two-phase water/gas flow dynamics within nanopores at the
molecular level while taking into account the prevalence of
nanopores alongside micropores in hydrate-bearing sediments.
The initial distribution of hydrates and the subsequent disso-
ciated water and gas in the reservoir cause variations in pore
water saturation, leading to the formation of water bridges,
particularly at narrow pore throats, thereby rapidly reducing
pore connectivity and flow permeability (Holditch, 1979;
Zheng et al., 2023, 2025). The formation of water bridges

has become one of the decisive factors controlling gas relative
permeability. However, the spatial resolution of conventional
macroscopic experiments precludes the direct observation of
these microscopic processes (at the nanometer scale), render-
ing the formation mechanisms of water bridges within pore
throats obscure.

Molecular Dynamics (MD) simulations allow observing the
static distribution and dynamic flow processes of water/gas
two-phase systems at the molecular level within pores, provid-
ing key insights into the microscopic mechanisms of seepage.
Researchers have constructed multiphase molecular configu-
rations within pores and used MD simulations to demonstrate
that in hydrophilic silica pores, water molecules preferentially
adsorb onto the solid surface. As water saturation increases,
water molecules aggregate to form water bridges connecting
the pores. Although the migration of methane gas within
pores is influenced by these water bridges, it still adheres
to Darcy’s law (Ho and Striolo, 2015; Liu et al., 2018).
Furthermore, with increasing flow rates, these water bridges
can rupture (Liu et al., 2018). Zheng et al. (2023) observed
the formation of liquid “water lock” (i.e., when a water bridge
completely blocks the water/gas flow in a pore), which can
stop gas flow, and further analyzed the relationship between
water saturation and permeability within the pores. Two-phase
water/gas flow within pores is closely related to the wettability
and shape of pores, and this correlation corresponds to the
“pump method” developed by Guo’s group (Zhang et al., 2020;
Zheng et al., 2025). Xu et al. (2020) designed carbon nano-slits
with adjustable surface wettability and simulated the water/gas
two-phase flow within pores. The results indicated that in
super hydrophilic pores, as water saturation increases, water
bridges form within pores. Conversely, in super hydrophobic
nanopores, water molecules aggregate to form droplets that
do not contact the solid pore surface. Li et al. (2020) studied
the water/gas two-phase flow in pores with different shapes
and found that in square-shaped nanopores, water molecules
preferentially accumulate at the corners with smaller curvature
radii. Subsequently, a nearly cylindrical water interface forms
on the adsorbed water layer on the pore walls to accommodate
gas flow. The formation and shape of the water bridges are
controlled by the electric field present between the pores (Hao
et al., 2019; Xiong et al., 2020a). In water-oil systems, the
formation and evolution of water bridges within nanopores are
influenced by various factors such as pore surface properties,
water saturation and salinity (Xiong et al., 2020b; Liu et
al., 2022; Xiong and Devegowda, 2022).

Despite research advances in water/gas two-phase flow in
nanopores (pore throats), several challenges remain in studying
these phenomena after hydrate dissociation. Hydrate reservoirs
exhibit typical heterogeneous characteristics, with skeletal sur-
faces displaying varying degrees of wettability that is predom-
inantly hydrophilic (Li et al., 2021). The current molecular-
scale research on the effect of surface wettability on water/gas
flow is limited, often relying on modified Lennard-Jones
potentials to simulate extreme hydrophilic and hydrophobic
conditions (Xu et al., 2020). However, this approach deviates
from the actual reservoir properties and often neglects the role
of surface functional (such as hydroxyl) groups, resulting in
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an incomplete understanding of the behavior of water and
gas molecules, thereby restricting our comprehension of two-
phase flow mechanisms within real reservoirs. Furthermore,
while existing studies indicate that the varying wettability of
surfaces influences the distribution of water molecules, the
specific distribution states of water and gas under different
saturation conditions remain insufficiently characterized. This
gap in understanding limits our ability to optimize water/gas
two-phase flow and continues to pose significant challenges
for accurately predicting gas production rates from hydrate-
bearing sediments, ultimately impacting the efficient extraction
of NGH and the sustainable utilization of hydrate resources.

In addressing the above gaps, kaolinite clay minerals with
varying hydrophilicity and relatively hydrophobicity (Zhang et
al., 2016) are used in this study to construct three types of pore
molecular configurations: hydrophilic, relatively hydrophobic,
and Janus (mixed wettability). Under different water saturation
conditions, the distribution characteristics of water and gas
within these pores are investigated and their impact on the
characteristics of two-phase water/gas flow are further ana-
lyzed. The results show that permeability is strongly correlated
with pore surface wettability and water saturation, and that
the mechanisms of water lock formation differ significantly
among pores with different wettability. Notably, in Janus-type
pores, the presence of gas windows under low water saturation
conditions helps sustain gas flow. This work provides valuable
theoretical insights for improving the accuracy of gas produc-
tion predictions and designing reservoir modification strategies
for hydrate exploitation.

2. Method

2.1 System configuration
In this work, kaolinite was selected as the nanopore

wall. The unit cell of kaolinite with a chemical for-
mula of Al4[Si4O10](OH)8 was derived from the American
Mineralogist Crystal Structure Database (Downs and Hall-
Wallace, 2003). Kaolinite is a 1 : 1 structured clay mineral with
a hydrophilic octahedral aluminum-oxygen (gibbsite) layer (0
0 1) and a relatively hydrophobic tetrahedral silicon-oxygen
(siloxane) layer (0 0 -1) linked by oxygen atoms. Its atomic
composition varies across different surfaces, resulting in dif-
ferences in the hydrophilicity and relatively hydrophobicity of
the kaolinite surface (Zhang et al., 2016). On this basis, three
different types of slit-shaped kaolinite nanopore initial MD
models with different basal surface contacts were constructed:
Nanopore with Siloxane-Siloxane Surface (NPss), Nanopore
with Gibbsite-Gibbsite Surface (NPgg), and Nanopore with
Siloxane-Gibbsite Surface (NPsg). These nanopore configura-
tions were formed by two kaolinite sheets with 4 nm distance
(pore size) and each pore sheet was built from 6 × 9 × 2
kaolinite unit cells. The initial simulation box dimensions were
30.9×80.0×70.0 Å3.

For each pore type and under varying water saturation con-
ditions, the initial quantities of water and methane molecules
were determined using a hybrid MD and Grand Canonical
Monte Carlo (GCMC) simulation. Initially, a certain number
of water molecules were inserted randomly, a short anneal sim-

ulation was performed to make the water-containing nanopore
system quickly reach equilibrium, and then the system equi-
librated using a 5 ns NVT MD simulation. Next, the number
of water molecules was adjusted to achieve the specific wa-
ter saturation (the volume fraction of gas and water in the
nanopore was calculated by the differential element method
(Zheng et al., 2023)). Subsequently, methane molecules were
added to the pores under specified temperature and pressure
conditions via GCMC simulation, with the corresponding
methane fugacity coefficients obtained from REFPROP (Eric
et al., 2013). The GCMC simulations were run for 1 ns,
with 100 GCMC exchanges (insertions or deletions) attempted
every 100 timesteps, and the results were summarized in the
Supplementary file (Table S1). This study also discusses the
occurrence and flow characteristics of single-phase water and
gas within the nanopores. For cases where the pore space is
fully occupied by gas molecules (Sw = 0), the number of gas
molecules was directly determined using GCMC simulations
without the addition of water molecules. For cases where the
pore space is fully occupied by water molecules (Sw = 1.0),
the number of water molecules was calculated on the basis of
water density. Finally, an NVT simulation of the two-phase
pore systems with different water saturations was performed
for 10 ns, and the last 5 ns of the trajectory was used for
analysis (the simulation systems reached good equilibrium
within the first 5 ns, as evidenced by the system energy
profiles shown in Fig. S1 of the Supplementary file). After
generating the exact number of CH4 molecules under specified
formation conditions (with the temperature and pressure set to
the average values of the South China Sea hydrate reservoir,
287 K and 14 MPa) (Qin et al., 2020), the equilibrium
configurations of the binary mixture inside kaolinite nanopores
were obtained by Equilibrium Molecular Dynamics (EMD)
simulation (shown in Fig. 1).

2.2 External field nonequilibrium MD
simulations

For the directional flow of water/gas molecules in the
pores, external field non-equilibrium molecular dynamics (EF-
NEMD) simulations were conducted by loading a driving force
in water and methane molecules along the pore direction (y),
where the driving force is determined by pressure difference
and can be calculated by the following equation (Zhang et
al., 2021a; Lyu et al., 2023):

fw = Sw
∇pyAxz

Nw
×1.4386×10−4 (1)

fm = (1−Sw)
∇pyAxz

Nm
×1.4386×10−4 (2)

where fw and fm represent the driving force added in wa-
ter and methane molecules, respectively, kcal/(mol Å); Sw
denotes the water saturation; Axz denotes the cross area of
the kaolinite nanopore, Å2; Nw and Nm respectively represent
the number of water and methane molecules in nanopores.
In EF-NEMD simulations, an additional force f is added
in water/gas molecules in the y direction (along the flow
direction), thus, the calculation of temperature of water and
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Fig. 1. (a) High-resolution SEM image of clay mineral; (b) two types of kaolinite surface (siloxane and gibbsite surface); (c)
nanopore built by two kaolinite sheets and (d) initial MD simulation configuration.

gas excludes the velocity component in this direction; ∇py
represents the pressure difference along the y-axis, MPa; 3, 6,
9 MPa are selected in our simulations. In the MD simulations,
it is common practice and a necessary choice to impose
a substantial pressure differential, primarily to achieve an
observable nanoflow within the nanosecond-scale simulation
timeframe, even if the pressure difference across the ends of
the pore deviates from actual conditions (Zhan et al., 2020;
Xu et al., 2022; Fang et al., 2024).

2.3 Force fields and simulation details
In this study, the CLAYFF (Cygan et al., 2004) force field

and flexible SPC water model (Amira et al., 2004) were used to
model kaolinite substrates and water molecules, respectively.
This combination of force fields enables us to accurately
capture the fluid–solid interactions that are critical for inves-
tigating water/gas flow in nanoporous media. The OPLS-UA
(Martin and Siepmann, 1998) force field was used to descript
methane molecules. The specific parameters used in these
force fields can be found in Table S2 of the Supplementary
file.

Simulation tasks were executed using the LAMMPS pack-
age (Plimpton, 1995). The atoms in kaolinite mineral sheets
are kept rigid with the exception of H atoms in hydroxyl
groups in all MD simulations. The van der Waals forces
were represented by the Lennard-Jones potential, while the
Lorentz–Berthelot combining rules were applied to determine
cross-interactions between unlike atoms (Allen and Tildes-
ley, 1987). A cutoff distance of 1.0 nm was employed to
evaluate short-range nonbonded effects, encompassing both

van der Waals and Coulombic components. For long-range
electrostatic calculations, the particle–particle/particle–mesh
(PPPM) algorithm was adopted, ensuring a precision of 10−4

(Eastwood et al., 1984). A canonical NVT ensemble was
used in simulations where the temperature is controlled by
the Nosé-Hoover thermostat (in EMD simulations, temperature
coupling occurs in all three xyz directions; in the EF-NEMD
simulations, temperature coupling was applied only in the xz
directions) (Nose, 1984). Periodic boundary conditions were
used in all directions.

3. Results and discussion

3.1 Single-phase water distribution
The differential affinity of water for the two surfaces of

kaolinite has been widely acknowledged; the hydroxylated
gibbsite surface displays a strong affinity for water, demon-
strating hydrophilic properties, whereas the interaction be-
tween the siloxane surface and water is weak and characterized
as relatively hydrophobic (Zhang et al., 2016; Shi et al., 2023).
Fig. 2(a) illustrates the mass density of water in nanopores
along the z-axis in the NPss, NPgg and NPsg simulation
systems, with water molecules fully occupying the pore space
in the absence of methane molecules (Sw = 1.0). In the NPss
and NPgg systems, water molecules form centrally symmetric
distributions due to interactions with the solid surfaces, with
two layers of water molecules near the surfaces. The first water
layer has a high density of 2-3 g/cm3, much higher than the
liquid-phase water density of 1 g/cm3, with a single hydrogen
bond length (∼ 3.2 Å) between the first and second layers.
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Fig. 2. Mass density of water in nanopores along z-axis in the three simulation systems of (a) NPss, (b) NPgg and (c) NPsg.
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Fig. 3. (a) Electric field distribution in the center of the surface in the xy plane along the z direction in the three models with
empty pore space. (b) Schematic diagram of electric field in NPsg system. Histogram of water molecular orientation angle
distribution in the (c) NPss, (d) NPgg and (e) NPsg simulation systems at equilibrium state.

Compared to the siloxane surface (Fig. 2(a)), the hydroxylated
gibbsite surface (Fig. 2(b)) displays a more pronounced affinity
for hydrogen bonding with water molecules, leading to a
higher density of the water layer. In the NPss system, the
first hydration layer peak is located 2.0 Å from the siloxane
surface, whereas in the NPgg system, the peak is closer at 1.6
Å from the gibbsite surface. These results are attributed to the
presence of hydroxyl groups on the gibbsite surface, which
form hydrogen bonds with water molecules (types I and II
in Fig. 2(b)), in contrast to the siloxane surface, where only
some oxygen atoms form hydrogen bonds with water (type III
in Fig. 2(a)).

In the NPsg simulation system where the pore substrates
consist of both gibbsite and siloxane surfaces, the distribution
of water molecules exhibits significant spatial heterogeneity
and a non-centrosymmetric pattern (Fig. 2(c)), contrasting
with nanopores featuring a single type of basal substrate.
The density of water molecules near the gibbsite surface is
significantly higher than that near the siloxane surface. This is
due to the abundant hydroxyl groups on the gibbsite surface,

which form strong hydrogen bonds with water molecules
and promote adsorption. The first water layer on both solid
surfaces exhibits significantly higher strength, a phenomenon
influenced by the electrostatic field within pores. Given the
small pore size, the distribution of surface charges is uneven,
resulting in disparate distributions of the electrostatic field.
In the NPsg system, the electrostatic field points from the
positively charged gibbsite surface toward the relatively less
charged siloxane surface, with a field strength of approxi-
mately 2.5 V/nm at the center of the pore (Figs. 3(a) and
3(b)). This strong, asymmetric field not only enhances water
adsorption at the gibbsite surface but also induces a preferred
orientation of water dipoles (Xiong et al., 2020b). As shown in
Figs. 3(c) and 3(d), in the NPss and NPgg systems where the
electrostatic field is symmetrically distributed along the z-axis
and much weaker in magnitude, the angle between the water
dipole moment and the z-axis follows a normal distribution
with a peak at approximately 90◦, indicating that the water
dipoles tend to align parallel to the xy plane. In contrast,
in the NPsg system, the dipole orientation exhibits a peak
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Fig. 4. Mass density of methane in nanopores along the z-axis in the three MD simulation systems of (a) NPss, (b) NPgg and
(c) NPsg.

at around 40◦ (Fig. 3(e)), aligning with the direction of the
electrostatic field. This indicates that the electrostatic field
plays a dominant role in inducing water dipole orientation to
minimize the electrostatic potential energy of the system.

3.2 Single-phase methane distribution
In the case where only gas molecules are present in the

pores (Sw = 0), the density distribution of methane molecules
along the z-axis is mirror-symmetrical in pores composed of
a single type of substrate (Figs. 4(a) and 4(b)); meanwhile,
in the NPsg system, it is asymmetric (Fig. 4(c)). There are
two adsorption layers of methane on both sides of the clay
pore wall due to the stronger interaction between CH4-solid
compared to the CH4-CH4 intermolecular interaction: a first
strong adsorption layer and a second weaker one. The thick-
ness of the methane adsorption layer (3.7 Å) is approximately
equal to its molecular length parameter in the Lennard-Jones
potential, corroborating the finding of Zhao et al. (2024) and
Hao et al. (2018). As the interactions weaken, methane density
stabilizes further from the pore wall. In the absence of water,
methane adsorption on the gibbsite surface is stronger than that
on the siloxane surface. The first adsorption peak also occurs
closer to the gibbsite surface due to stronger van der Waals
interactions. Overall, methane adsorption on both surfaces of
kaolinite is strong, while it varies in intensity and interaction
mode depending on the surface characteristics.

3.3 Two-phase water/gas distribution
The distribution of gas/water molecules at different water

saturation levels (0.1-0.5) are depicted for the three simulation
systems in Fig. 5. The results show that the distribution of wa-
ter/gas within nanopores is strongly correlated with the surface
properties of the pores (wettability) and water saturation. In
the NPss system, characterized by the hydrophobic siloxane
surface of pore walls, water clusters form and adhere to the
solid surface at a water saturation level of 0.1. As the saturation
level increases to 0.2, water molecules form a water bridge
between the two solid surfaces, with the thickness of the water
bridge increasing proportionally. When the water saturation
increases to 0.2, the presence of a water bridge can block
the connectivity of gases on both sides completely, which can
also be referred to as a “water lock” (Zheng et al., 2023).

Beyond the water bridge, no water molecules are adsorbed
in the remaining surface area. In the NPgg system where the
pores are composed of hydrophilic gibbsite surfaces, at low
water saturation (Sw < 0.4), water molecules are uniformly
distributed along the pore walls, consistent with previous
findings on the distribution of water molecules on hydrophilic
solid surfaces (Xu et al., 2020; Zheng et al., 2025). When
the water saturation level reaches 0.4, a “water lock” forms
aside from the water bridges and the remaining hydroxylated
hydrophilic surfaces are covered by adsorbed water molecules,
which contrasts with the behavior observed in the NPss sys-
tem. In the NPsg simulation system (Janus pores), the different
composition of pore base surfaces results in the presence of an
electrostatic field along the z-axis-positive direction within the
pore (Fig. 3(b)). This phenomenon, coupled with the action
of water surface tension, leads to the formation of multiple
independent water bridges within the pore, a characteristic also
observed in illite pores (Xiong and Devegowda, 2022). As the
water saturation level increases, the volume of water bridges
rises, gradually merging into a “water lock”.

The density distribution of gas and water molecules along
the z-axis in the three systems under different saturation con-
ditions is depicted in Fig. 6. In each system, a layer of water
molecules on the solid surface persists due to the interaction
of solid and water. In the NPss and NPsg systems, the density
of the water layer on the solid surface increases with the
water saturation level within the pore. In contrast, in the NPgg
system, the density of the water layer remains unchanged with
varying water saturation levels, consistent with the conditions
where water fully occupies the space (as shown in Fig. 2(b)).
In these hydrophilic pores, water molecules preferentially
adsorb onto the pore walls, as shown in Fig. 5(b). Even
under conditions of high water saturation where water bridges
form, surface adsorption remains unaffected, which results in a
consistently high density of the adsorbed water layer across all
levels of water saturation. These simulation results reflect the
strong interaction between the hydrophilic surface and water
molecules. In the NPss and NPgg systems, the water density
distribution along the z-axis is symmetrical, while in the NPsg
system, the adsorption density of water on the solid surface
correlates with the surface properties. It should be noted that at
low water saturation (Sw = 0.1) in the NPgg system, due to the
limited number of water molecules (Fig. 5(b)), an asymmetric
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saturations based on MD simulations: (a) NPss, (b) NPgg and (c) NPsg (WB stands for water bridge).
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Fig. 6. (a) Water and (b) methane density distribution along the z direction in the three MD simulation systems at different
water saturations.

density distribution across the pore is likely to occur.
As shown in Fig. 6(b), the distribution of methane

molecules is strongly correlated with that of water molecules
within the pores. In the NPss and NPsg systems, under the
simulated water saturation conditions in pores (Sw ≤ 0.5), the
pore walls are not fully occupied by water molecules, leaving
space for the adsorption of a certain amount of methane. As
water saturation increases, the methane adsorption density on
the pore walls decreases. In the hydrophilic NPgg system,
before water bridges form, methane is primarily concentrated
in the central region of the pores. After the formation of water
bridges, methane molecules accumulate on both sides of the

pore walls. In contrast, under the same water saturation condi-
tions, the methane density on hydrophobic surfaces is higher
than that on hydrophilic surfaces. Additionally, compared to
hydrophobic surfaces, the water layer on hydrophilic surfaces
is closer to the pore wall, while the methane adsorption layer
is relatively farther away.

3.4 Single-phase flow
Firstly, the fluid characteristics of a single phase (water

or gas) within the nanopores are discussed. When the water
saturation Sw reaches 1.0, meaning that water molecules fully
occupy the pore space, by employing nonequilibrium MD si-
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Fig. 7. Velocity distribution of water molecules along the z direction in the three simulation systems at different pressure
differences, where the velocity is the average of all MD systems: (a) NPss, (b) NPgg and (c) NPsg.

Table 1. Calculation results for H2O and CH4 effective mean
viscosity and slip length in the three simulation.

Molecules Systems η (Pa·S) Ls (Å)

H2O

NPss 0.087±0.01 /

NPgg 0.083±0.004 /

NPsg 0.089±0.004 /

CH4

NPss 0.00586±0.0004 21.48±0.8

NPgg 0.00648±0.001 27.34±2.25

NPsg / /

mulations with an external field, the water molecules undergo
directional movement along the y-axis under the influence of
external driving forces. The steady-state velocity distribution
of water molecules along the z-axis within the pore space
under different pressure differentials can be obtained, as shown
in Fig. 7. Due to the thermal motion of water molecules, there
are significant velocity fluctuations, but the overall movement
of the water molecules is aligned with the direction of the
external field (y-direction). The interaction between the solid
interface and the water molecules results in lower velocities
for water molecules near the solid interface. In contrast, water
molecules at the pore center exhibit higher velocities. Thus,
the velocity distribution of a pressure-driven water flow in
a pore can be described by Poiseuille-like flow. The greater
the pressure difference across the sides of the pore is, the
more pronounced the directional movement trend of the water
molecules.

The velocity profile in the bulk region follows a parabolic
curve. For water, the no-slip boundary condition applies due to
strong water–solid interactions and weak driving force (Wu et
al., 2017), The effective slit widths of nanopores with different
mineral compositions fit well to a quadratic function of z
(Zhang et al., 2021b):

v(z) = a
(

z− Lz

2

)2

+b (3)

where a and b represent fitting parameters; v(z) denotes the
velocity along the z-direction, m/s; Lz represents the length of
the pore along the z-axis, Å, and z is the coordinate along the

z-direction, Å. Apparent viscosity (η) can be obtained by Eq.
(4) and is shown in Table 1:

η =
−∇p

2a
(4)

Using the same method, the velocity distribution of
methane molecules along the z-axis was obtained under dif-
ferent pressure differences within the three pore types fully
occupied by methane molecules (Sw = 0), as shown in Fig.
8. Compared to liquid water molecules, gaseous methane
molecules are more easily driven and their velocities are over
an order of magnitude higher. The velocity distribution trend
along the z-axis is similar to that of water molecules, with
lower velocities near the solid surface and higher velocities at
the center of the pore. However, a notable difference is the
presence of slip for gas molecules at the solid surface. The
interaction between methane molecules and the solid surface is
limited to van der Waals forces, which are weaker compared to
the hydrogen bonding between water molecules and the solid
surface.

Notably, under the same pressure difference, the velocity of
methane molecules varies across different pore types. Methane
molecules in the NPgg system exhibit the highest velocities,
followed by the NPsg system, with the NPss system showing
the lowest directional movement. This is primarily because the
gibbsite surface has a more uniform atomic distribution than
siloxane, which likely leads to a more uniform distribution
of potential barriers or energy wells, as illustrated in the 2D
contour maps of surface-methane interaction energy in Fig.
8(d) (siloxane surface) and Fig. 8(e) (gibbsite surface). Such
uniformity facilitates the directional movement of methane
molecules and results in a weaker directional confinement
effect on them. In the NPsg simulation system, methane
molecules near the hydrophilic gibbsite surface exhibit higher
velocities than those near the siloxane surface, and this trend
is also evident when comparing the other two systems.

In pores with a single wettability surface (NPss and NPgg
systems), the velocity distribution of methane molecules along
the z-axis shows good axial symmetry. Viscosity is influenced
by the friction between methane molecules and the nanopore
walls, causing significant velocity differences between the
pore center and the wall region. In NPsg Janus pores, the
difference in hydrophilic and hydrophobic surface properties
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Fig. 8. Velocity distribution of methane along the z direction in the three simulation systems under different pressure differences:
(a) NPss, (b) NPgg, (c) NPsg, (d) total siloxane-CH4 and (e) gibbsite-CH4 interaction energy contour maps, with CH4 molecules
located at the peak of the first methane shell layer on the surface.

leads to a variation in frictional interactions with methane
molecules, creating an asymmetric velocity distribution along
the z-axis (Fig. 8(c)). As shown in Figs. 8(a) and 8(b), the no-
slip boundary condition is evidently inapplicable to methane
flow (Squires and Quake, 2005). To determine the appropriate
boundary conditions for the system and reveal the intrinsic
relationship between solid surface properties and slip behavior,
the slip length of methane molecules at different interfaces
was calculated. To this end, slip length is defined as the
distance over which the fluid velocity remains stable within the
surface/wall region, expressed as follows (Owusu et al., 2023):

Ls =±
vyzs(
dvy

dz

)
zs

(5)

where vy represents the slip velocity at the solid-gas boundary,
m/s; (dvy/dz)zs

represents the location of the slip surface, Å,
and is the derivative of the slip velocity at the slip surface,
s−1; Ls stands for the slip length, Å, and the calculated values
are shown in Table 1.

As shown in Table 1, within the same pore, the viscosity
of methane gas is significantly lower than that of water
molecules. For water molecules, due to the application of
the no-slip boundary condition, the viscosity coefficient in
pores with different surface properties shows slight variations,
which can be attributed to the strong solid-liquid interactions.
However, for methane gas, the viscosity differs for pore walls
of varying surface properties, directly affecting the slip length
of methane molecules along the pore walls. In single-phase
gas flow, the slip length of methane molecules on hydrophilic
surfaces is significantly greater than that on relatively hy-
drophobic pores. This suggests that the potential or energy
barrier distribution on hydrophilic surfaces is likely more
uniform, facilitating the formation of a larger slip length. In

contrast, relatively hydrophobic surfaces may exhibit stronger
local variations in potential fields or energy wells that hinder
the slippage of gas molecules.

3.5 Two-phase flow
To quantitatively examine gas flow driven by pressure

differences through pores with varying hydrophobicity and
hydrophilicity under different water saturation conditions, the
average velocity of water and gas molecules along the pore
direction (y-axis) in the three simulated systems was calcu-
lated, as shown in Fig. 9. The results show that the movement
velocity of gas molecules is closely related to the formation
of water bridges, while water molecules, due to their strong
interactions with the pore walls, exhibit almost no directional
movement under the simulated conditions. For the NPss and
NPgg systems, at low saturation levels (before the formation
of water bridges, NPss: Sw ≤ 0.1; NPgg: Sw ≤ 0.3), the
average velocity of methane molecules increases linearly with
the pressure difference across the pores. As water saturation
(Sw) increases, the frictional effects on gas molecules become
more pronounced, resulting in a decrease in their directional
movement velocity. Once water bridges form due to a higher
water saturation, gas movement becomes hindered, and under
the pressure differentials used in the simulations, directional
movement is essentially prevented. When Sw = 0.1, in the
NPss system, water molecules aggregate on the solid surface
to form water clusters (Fig. 5(a)), obstructing part of the gas
movement. In contrast, in the NPgg system, water molecules
are uniformly distributed on the solid surface (Fig. 5(b)), caus-
ing less interference with the gas molecules. Consequently,
under the same water saturation and pressure differential,
gas molecules exhibit a higher velocity in the NPgg system.
In the NPsg system, multiple water bridges form in the
pores even at low saturation, impeding gas movement but



26 Fang, B., et al. Advances in Geo-Energy Research, 2025, 17(1): 17-29

3 6 9
0

3 0

6 0

9 0
Av

era
ge 

vel
oci

ty 
(m

/s)

∇ p  ( M P a )

 S w  =  0 . 1 - C H 4     S w  =  0 . 1 - H 2 O
 S w  =  0 . 2 - C H 4     S w  =  0 . 2 - H 2 O
 S w  =  0 . 3 - C H 4     S w  =  0 . 3 - H 2 O
 S w  =  0 . 4 - C H 4     S w  =  0 . 4 - H 2 O
 S w  =  0 . 5 - C H 4     S w  =  0 . 5 - H 2 O

( a )

3 6 9
0

3 0

6 0

9 0

( b )

Av
era

ge 
vel

oci
ty 

(m
/s)

∇ p  ( M P a )

 S w  =  0 . 1 - C H 4     S w  =  0 . 4 - H 2 O
 S w  =  0 . 2 - C H 4     S w  =  0 . 5 - H 2 O
 S w  =  0 . 3 - C H 4    
 S w  =  0 . 4 - C H 4    
 S w  =  0 . 5 - C H 4    
 S w  =  0 . 1 - H 2 O
 S w  =  0 . 2 - H 2 O
 S w  =  0 . 3 - H 2 O

3 6 9
0

3 0

6 0

9 0

( c )

Av
era

ge 
vel

oci
ty 

(m
/s)

∇ p  ( M P a )

 S w  =  0 . 1 - C H 4     S w  =  0 . 1 - H 2 O
 S w  =  0 . 2 - C H 4     S w  =  0 . 2 - H 2 O
 S w  =  0 . 3 - C H 4     S w  =  0 . 3 - H 2 O
 S w  =  0 . 4 - C H 4     S w  =  0 . 4 - H 2 O
 S w  =  0 . 5 - C H 4     S w  =  0 . 5 - H 2 O

" G a s  w i n d o w s "

Fig. 9. Average velocity of water and gas molecules within nanopores under varying pressure differences and water saturation
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Fig. 10. Flux of water and methane at different pressure differential under different water saturation conditions in the three
simulation systems: (a) NPss, (b) NPgg and (c) NPsg.

leaving “gas windows” through which some gas can still flow.
As water saturation increases, the size of the water bridges
also increases, eventually blocking the pores completely and
preventing the directional movement of gas molecules.

Furthermore, the gas/water flux is defined as the average
number of molecules passing through a cross-sectional area
of a pore per unit time. Once the gas flow stabilizes, the flux
Q is related to the density and velocity distribution along the
z-axis:

Qi =
1
Ly

∫
ρn,i(z)vy,i(z)dz, i = w,m (6)

where ρn,w(z), ρn,m(z) represent water and methane number
1D density along the z-axis, respectively, m−1; vy,w(z), vy,m(z)
represent the y direction water and methane velocity distribu-
tion in the z direction, m/s (Zhang et al., 2021b). By employing
statistical averaging methods to calculate the flow rate of water
and gas molecules within the pores, computational errors can
be effectively reduced. The simulation results for the flow rates
of water and methane under different pressure differences in
the three simulation systems are shown in Fig. 10.

Under the same pore and water saturation conditions, the

flux of water molecules remains nearly zero and the molecules
stay almost stationary under the same pressure difference,
in contrast to gas molecules, as illustrated in Fig. 10. The
viscosity of water molecules is much higher than that of gas
molecules, resulting in nearly zero water flux. In contrast, gas
flux increases with the pressure difference and is influenced
by surface properties and water saturation. As saturation
increases, gas flux decreases due to reduced pore space and
water bridge formation. In the NPss system, gas flow nearly
halts when Sw = 0.2 due to water lock formation (Fig. 5(a)).
In the NPgg system, flow only stops at Sw = 0.4, as water
molecules occupy the solid surface, leaving more space for
gas transport until water lock forms (Fig. 5(b)). In the NPsg
system, gas flow decreases rapidly at low saturation (Sw < 0.1),
then more slowly until Sw = 0.4, when the pore is blocked.
Multiple water bridges in Janus pores hinder gas flow but allow
partial transport until full blockage (Fig. 5(c)). Overall, pore
surface properties control water bridge formation and gas flow
rates.

The permeability K of a single-phase system p with
viscosity ηp is given by the following expression, as described
by Darcy’s law:
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Fig. 11. Relative permeability of three types of nanopores for
methane gas at under different water saturations, along with
relevant experimental and simulation results from previous
studies for comparison.

K =
ηpQspLy

Axz∇P
(7)

where Qsp represents the flux of single-phase p, ns−1; Ly
represents the length of the pore in the y direction, Å; Axz
represents the cross-section of the nanopore, Å2; ∇P is the
pressure differential, MPa; In a multiphase system, the relative
permeability Krp of a single phase is expressed as:

Krp =
Qmp

Qsp
(8)

where Qmp denotes the flux of phase p in the multiphase
system.

Taking the above formula as a basis, the relative permeabil-
ity of gas molecules transported in different types of nanopores
under various water saturation conditions was calculated, as
shown in Fig. 11. It can be observed that the overall trend of
gas relative permeability decreasing with rising water satura-
tion in this study is generally consistent with previous results,
including Diomampo’s experimental data (Diomampo, 2002)
and the simulation results reported by Lei et al. (2015), Xu et
al. (2020) and Zheng et al. (2025). The relative permeability
of gas decreases with increasing water saturation within the
pores. In real sedimentary environments, the gas relative per-
meability is the combined result of multiple surface wettability
interactions in the pore structure. In hydrophilic systems, the
relative permeability decreases slowly with increasing water
saturation. In the relatively hydrophobic NPss system, the
relative permeability decreases rapidly, while in the NPsg
system, it first decreases rapidly and then slowly drops to
zero. Under low water saturation conditions (Sw < 0.2), the
order of relative permeability is NPgg > NPss > NPsg.
When water saturation increases (0.2 < Sw < 0.4), the order of
relative permeability is NPgg > NPsg > NPss. This trend is
consistent with the changes in gas flow rates described above.
Overall, the gas transport efficiency is higher in hydrophilic
pores because water preferentially wets the pore walls, leaving
larger and more continuous gas pathways through the pore
centers, reducing capillary resistance and facilitating gas flow.
In contrast, in hydrophobic pores, water tends to accumulate in
the pore centers, which blocks gas channels and significantly

reduces gas permeability. In Janus pores, the formation of
multiple water bridges partially hinders gas transport. In the
experimental measurements, which are based on macropores
ranging from micrometers to millimeters in size, the capillary
forces within the macropores are relatively small, allowing
water molecules to move more easily without forming water
locks. Therefore, under the same water saturation conditions,
the experimentally measured relative permeability of natural
gas is relatively higher compared to the simulation results.

4. Conclusions
This study systematically investigated the two-phase trans-

port behavior of gas and water in hydrophilic, relatively
hydrophobic, and Janus nanopores during gas extraction from
hydrate-bearing sediments. Multiphase molecular models con-
sidering different water saturations were constructed using
GCMC + MD, and EMD and EF-NEMD simulations were
performed to explore phase distributions and flow characteris-
tics. The main findings can be summarized as follows:

1) In pure gas or water systems, adsorption layers form on
the pore walls. In Janus pores, the internal electric field
modifies the arrangement of water molecules, producing
distinct gas-water distributions under two-phase condi-
tions.

2) Water lock formation pathways vary with wettability. Hy-
drophilic pores favor surface adsorption at low saturations
(Sw < 0.4), with bridges evolving from films to water
locks as saturation increases. In relatively hydrophobic
pores, water clusters form at low saturations before
transitioning to water locks. In Janus pores, the electric
field promotes multiple independent water bridges at low
saturations, and these merge into water locks at higher
saturations.

3) Water bridges significantly impede gas transport, while
water locks block it entirely. At the same Sw and pore
size, hydrophilic pores support more efficient gas flow.
In relatively hydrophobic and Janus pores, bridges form
at lower Sw, reducing gas permeability; however, some
transport is maintained in Janus pores via gaps between
unconnected bridges.

Overall, this study reveals how water saturation, pore
wall properties, pressure gradient, and water bridge formation
collectively control water/gas permeability at the nanoscale,
providing valuable molecular-scale insights into gas and wa-
ter flow behaviors within nanopores. These findings are di-
rectly relevant to hydrate-bearing reservoir engineering, as
they demonstrate how pore surface wettability influences gas
production efficiency. Such insights can guide strategies for
reservoir modification or wettability alteration to enhance gas
recovery.
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