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ABSTRACT: Imbibition of fracturing fluid in deep shale nanopores has a significant effect on shale gas production. One of the key
parameters affecting imbibition is the interfacial tension of the methane−water system. However, studies on the methane−water
interfacial tension in nanopores are very limited, and obtaining the accurate value of the methane−water interfacial tension at the
nanoscale is difficult and time-consuming. In this work, a dissipative particle dynamics simulation model was built to study the
methane−water interfacial tension in nanopores. This model provides reliable access to methane−water interfacial tension for deep
shales under high-temperature, high-pressure conditions at low computation cost. It can be easily used to compute the methane−
water interfacial tension in nanopores or the confined space in wide application scenarios. A sensitivity study of methane−water
interfacial tension on a variety of factors was conducted. Results demonstrate that under high-pressure conditions, the increase in
pressure leads to the rise of interfacial tension. When pressure increases from 20 to 120 MPa, interfacial tension rises from 0.0275 to
0.12 N/m, which contributes to the severe imbibition of fracturing fluid in deep shales. The confinement effect was observed by
investigating the influence of pore size. Interfacial tension almost remains unchanged in pores smaller than 7 nm because most of the
confined space is occupied by interface layer molecules in these pores. When pore size increases from 7 to 15 nm, the confinement
effect is reduced. The interfacial tension experiences a growth from 0.1155 to 0.27 mN/m. Compared with pressure and pore size,
the effect of temperature on interfacial tension can be neglected during deep shale gas production.

1. INTRODUCTION
Deep shale gas is referred to as the shale gas buried over 3500 m
under the surface, which is in a high-temperature, high-pressure
environment. In the Sichuan Basin, deep shale gas accounts for
over 80% of the total shale gas resources,1 which is a promising
growth in gas energy production in China. Effective develop-
ment of deep shale gas is of great importance. Due to the
ultralow permeability, one of the main techniques to produce
deep shale gas is hydraulic fracturing. However, after hydraulic
fracturing, the majority of fracturing fluid is retained in the
subsurface, with 15−40% recovery of injected water in deep
shale gas reservoirs in China.2 Some fracturing fluid is imbibed
into the shale matrix due to the high capillary pressure inside the
shale nanopores.3−7 According to our previous studies,8,9 water
in shales significantly affects gas flow capability and gas
production.

The imbibition of fracturing fluid is closely related to capillary
pressure in the deep shale matrix. One of the key parameters
affecting capillary pressure is the interfacial tension between
methane and water in deep shales under high-temperature and
high-pressure conditions. The methane−water interfacial
tension in deep shales is difficult to be accurately obtained due
to the following three reasons: (1) in the confined space (i.e.,
nanopores) of deep shale matrix, the value of interfacial tension
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is affected by pore size. Because interfacial tension is actually the
sum of forces exerted on interface layer molecules by molecules
outside the interface layers. In nanopores, the quantity of
molecules outside the interface layers is limited due to the
restriction of pore size. As a result, the study of interfacial tension
in deep shales needs to consider the influence of pore size. (2)
The high-temperature and high-pressure conditions make it
extremely difficult to measure interfacial tension by experiments
because it requires high-quality experimental apparatus,
facilities, and strictly designed procedure. (3) In addition, the
fluid state in deep shales could be different from conventional
reservoirs due to the combined effects of confined space and
high-temperature high-pressure environment. As a result,
obtaining the reliable value of methane−water interfacial
tension at the nanoscale under high-temperature and high-
pressure conditions is a big challenge.

The interfacial tension under conventional conditions has
been studied by many researchers through experiments and
simulation. The most widely used experimental methods are the
pendant drop method10−12 and the Wilhelmy plate method.13,14

However, the use of these two methods is restricted by pressure,
fluid properties, the accuracy of the apparatus, etc. The pressure
reported in the pendant drop method is up to 44.8 MPa,15 which
is still far below the pressure in deep shales. The Wilhelmy plate
method can measure interfacial tension directly using a high-
accuracy probe on the plate. In order to obtain reliable data, the
density difference between two sorts of tested fluids should be
less than 0.4 g/cm3.16 Besides, the accuracy and sensitivity of the
probe also limit the application of this method. Therefore, the
Wilhelmy plate method is usually utilized in liquid−liquid
systems and is still not suitable for the methane−water system in
deep shales. Other experiments such as the maximum bubble
pressure method and the spinning drop method are also not
applicable for deep shales. The maximum bubble pressure
method is limited by the test pressure.17 The spinning drop
method can only be used to test ultralow interfacial tension, i.e.,
lower than 10−3 mN/m.18 Therefore, obtaining the accurate
interfacial tension of the methane−water system for deep shales
through experimentation is difficult.

Molecular dynamics has usually been used to calculate
interfacial tension in recent years. Dreher et al.19 used molecular
dynamics to study the interfacial tension of graphene−water
system. They found that the value of interfacial tension is related
to the area of the interface. Ghoufi and Malfreyt20 investigated
the interfacial tension at graphene−water interfaces. They
reported that the simulated graphene−water interfacial tension
is in line with the experimental water contact angle. Chiricotto et
al.21 reported that temperature affects the interfacial tension of a
solid−liquid system via molecular dynamics simulation. The
value of interfacial tension decreases with an increase of
temperature. Li and Jin22 studied hydrocarbon−water interfacial
tension up to 500 MPa. They found that methane−water
interfacial tension decreases with increasing pressure under low-
pressure conditions. However, as the pressure further increases,
the interfacial tension gradually rises. Doan et al.23 also utilized
molecular dynamics simulation to study the methane−water
interfacial tension at a wide range of pressure (1 to 70 MPa).
Their results indicate that the methane−water interfacial tension
increases slightly when pressure exceeds 50 MPa at 323 K, which
is consistent with the findings reported by Kvamme et al.24 Guo
et al.25 investigated the interfacial tension of a methane−brine
system with an ion mass fraction up to 25%. They found that the
interfacial tension decreases with the rise of pressure (1 to 10

MPa) and is enlarged with the presence of ions. Naeiji et al.26

conducted molecular dynamics simulations to study the
interfacial behavior of a multicomponent gas mixture−water
system. Although molecular dynamics can be used to compute
the interfacial tension at the microscopic scale, its use requires a
high-performance computer. Otherwise, computations can be
very time-consuming.

In the petroleum industry, dissipative particle dynamics
(DPD) simulation is used to study the interfacial tension of the
fluid−fluid system. In DPD simulation, fluids with interfaces can
be simulated using a set of particles (beads) that interact via
conservative (nondissipative) force, dissipative force, and
random force.27 Deguillard et al.28 applied DPD simulation to
compute the interfacial tension in oil−water−surfactant
systems. Rezaei and Modarress29 utilized DPD simulation to
study the hydrocarbon−water interfacial tension. Their results
are in agreement with the experimental data. Wang et al.30

investigated the effects of the ionic surfactant and the polymer
on the oil−water interface using DPD simulation. Compared
with the conventional molecular dynamics simulation, the DPD
simulation is able to accurately calculate the interfacial tension of
hydrocarbon−water systems with less computational cost.29

Although DPD simulation has been used in a conventional
fluid−fluid system, its application in confined space under high-
temperature and high-pressure conditions has rarely been
reported.

In this work, a DPD simulation model was established to
study the interfacial tension of the methane−water system in
deep shales at the nanoscale. This model provides convenient
and reliable access to methane−water interfacial tension in
nanopores under high-temperature and high-pressure condi-
tions. The influences of temperature, pressure, and confined
pore space on interfacial tension were investigated.

2. METHODS
DPD is originally a sort of coarse-grained meshless, particle-
based, mesoscopic simulation which can be used to simulate a
complex system using interacting particles (beads).31 The beads
interact with each other via conservative (nondissipative) force,
dissipative force, and random force. The total force acting on a
bead is expressed as27

= +f f fi i i
int ext

(1)

where fi is the total force acting on the ith bead; fiint is the
interparticle force acting on the ith bead; fiext is the external force
acting on the ith force. The interparticle force fiint consists of
conservative (nondissipative) force Fij

C, dissipative force Fij
D, and

random force Fij
R

= + +f F F Fi ij ij ij
int C D R

(2)

where Fij
C is the conservative force exerted on the ith bead by the

jth bead; Fij
D is the dissipative force exerted on the ith bead by the

jth bead; Fij
R is the random force exerted on the ith bead by the

jth bead.29

= ra rF ( )ij ij ij ij
C C

(3)

where aij is the magnitude of the repulsive interaction strength
between beads i and j. ωC(rij) is the weight function for the
conservative force; rij is the position vector; rij = |rij|; rîj is the unit
vector in the direction of rij, which is expressed as
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The dissipative force is written as27

= ·r rrF v( )( )ij ij ij ij ij
D D

(5)

where γ is the dissipation coefficient; ωD(rij) is the dissipation
weight function. vij is the velocity vector. The random force Fij

R is
expressed as29

= rr tF ( )ij ij ij ij
R R 0.5

(6)

where σ is the random force amplitude coefficient; ωR(rij) is the
fluctuation weight function; ξij is a random variable; Δt is the
time step. There is a relation among ωC(rij), ωD(rij), and
ωR(rij)
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where rC is the effective interaction range or cutoff distance. The
fluctuation−dissipation relationship requires33

= [ ]r r( ) ( )ij ij
D R 2

(8)

and

=
k T2

2

B (9)

where kB is the Boltzmann constant; T is the temperature. Based
on Rezaei and Modarress’s study,29 the value of aij is essential to
a successful DPD simulation, which is written as

= +a a bij ii ij (10)

where b is reported to be 3.5 and 1.45 if DPD number density is
3 and 5.32,34 χij is the Flory−Huggins parameter measured using
thermally induced phase separation.30 aii is expressed as

= [ ]a T N k T( ( ) 1)/2ii
1

m B (11)

where Nm is the coarse-graining degree, which is the number of
molecules grouped in a DPD bead. α is a constant equal to
0.101; ρ is the DPD number density; κ−1 is the inversed
dimensionless compressibility of the system

=
k T

p1

T

1

B

i
k
jjjj

y
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zzzz

(12)

where p is pressure, which can be simplified as35

=p
k T
r

p
C

B
3 (13)

p̅ is dimensionless DPD pressure, which is expressed as

= +p a 2 (14)

Based on the definition of interfacial tension, the interfacial
tension perpendicular to the axis z is29,36

=
+L

p t
p t p t

2
( )

( ) ( )
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xx yy

Ä
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Ö
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where Lz stands for the length of the lattice along axis z. pxx, pyy,
and pzz are the stress tensors in the x, y, and z directions, which
can be calculated using eq 14. Therefore, the interfacial tension
of the methane−water interface tension can be obtained by
simulating a lattice of methane and water beads with an interface
perpendicular to axis z using a DPD study, and the value of the
interfacial tension can be calculated using eq 15.

3. MODEL ESTABLISHMENT
In this section, a model for DPD simulation was established to
calculate methane−water interfacial tension in nanopores of
deep shales from the Longmaxi Formation in China. The
simulation was conducted using the software Materials Studio
8.0.37 The dimension of the simulation cell was 5 nm × 5 nm × 5
nm, which is in accordance with the majority pore size in the
Longmaxi Formation.38 We defined two types of beads to
represent fluids. Bead W stands for the water molecule, and bead
G represents the gas molecule. Basic information on each type of
bead is exhibited in Table 1. Because one bead is not directly in

contact with another, the surface properties of the beads are
neglected in this model. The number of each type of bead is
dependent on fluid densities and saturations. Under the real
reservoir conditions (100 MPa, 423.15 K), the densities of
methane and water are 0.276 and 0.965 g/cm3, respectively.
Water saturation is around 25%, and gas saturation is 75% in
shales.39 Therefore, we initially placed 975 Beads G and 1009
Beads W within one cell with an interface (Figure 1) to ensure
the real densities and saturations of the fluids. We set this system
under the reservoir conditions for DPD simulation to make it
reach its minimal energy. After the interactions of beads, the
energy of the system was the lowest. The state of the system

Table 1. Basic Information for the Bead Definitiona

bead mass (amu) radius (Å)

G 16 2.07
W 18 1.38

aW for the water molecule and G for the methane molecule.

Figure 1. Initial state of the methane−water system at 100 MPa, 423.15
K. Orange bead (bead G) stands for the methane molecule. Blue bead
(bead W) represents the water molecule.
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reached equilibrium (Figure 2). The methane−water interfacial
tension was finally calculated using the pressure tensors in eq 15.

DPD parameters for simulation are shown in Tables 2 and
3.29,30 Based on the study of Wang et al.,30 aij was set to 25 for all

pair interactions between the same type of beads. The value of aij
between Beads W and G was calculated using eq 10, in which χij
was determined through the DPD study on interfacial tension in
the hydrocarbon−water system conducted by Rezaei and
Modarress.29 Rezaei and Modarress29 calculated the values of
χij as a function of the number of water molecules in a bead. In
our study, one bead contained a water molecule. Therefore, the
value of χij was set to 6.26 in Table 3.

In order to calculate the stress tensors, the model was solved
using the numerical integration method (the Velocity−Verlet
method), which enables the calculation of the velocity, location,

and forces of a particle at the next time step using the values at
the present time step. The solution in this work was carried out
using the software Materials Studio 8.037 through the following
steps: (1) define the bead types for fluids. Bead W stands for the
water molecule, and bead G represents the methane molecule.
The parameters are shown in Table 1. (2) Build mesomolecules;
the parameter (Nm) is exhibited in Table 3. (3) Build
mesostructure; the parameters are exhibited in Table 3. After
this step, a mesostructure packed with fluids was built. (4) Set
the DPD force field; the parameters are shown in Table 2. (5)
Solution; the parameters are displayed in Table 3. Through this
process, the stress tensors in the x, y, and z directions were
output by MS. After that, interfacial tension was computed using
eq 15.

4. MODEL VERIFICATION
The model was verified using Heuer’s experimental data,40 the
nomograph proposed by Schowalter,16 and the molecular
dynamics simulation conducted by Li and Jin.22

Heuer40 conducted experiments to measure interfacial
tensions in a gas (95% methane, 5% ammonia)−water system
at a series of pressures. In order to compare our model with
Heuer’s experimental results,40 we calculated the interfacial
tension under their experimental conditions (Table 4 and Figure
3) using our model. Fluid densities used in our simulation came
from the NIST Chemistry WebBook (Table 4). Other
parameters are shown in Tables 1−3. Compared with the
experimental results, the error of our model ranges from 3.34 to
9.26% (Table 4).

Schowalter16 used experimental data to calculate and
extrapolate a nomograph between methane and water. This
nomograph is widely used in the petroleum industry to estimate
the interfacial tension of the methane−water system. To validate
our model, we selected a number of points in Schowalter’s
nomograph and calculated the interfacial tension at the
corresponding temperatures and pressures using our model
(Table 5, Figures 4 and 5). Fluid densities applied in model
verification were from the NIST Chemistry WebBook (Table
5). Other parameters are shown in Tables 1−3. According to
Table 5, the error of our model ranges from 0 to 10% compared
with Schowalter’s nomograph.

In order to verify our model under high-pressure conditions,
results from the molecular dynamics simulation conducted by Li
and Jin22 were applied to compare with our model at pressure
over 65 MPa. Li and Jin carried out molecular dynamics
simulation to investigate the interfacial tension of the methane−
water system over a wide range of pressures at 298.15 K using a
3.9 nm × 3.9 nm × 31.1 nm simulation cell. For comparison, we
used a simulation cell with the same dimension as Li and Jin’s
study and conducted DPD simulation under their pressure and
temperature conditions. Fluid densities utilized in model
verification were from the NIST Chemistry WebBook (Table
6). Other parameters are shown in Tables 1−3. Results are
shown in Table 6 and Figure 6. Compared with Li and Jin’s MD
simulation, the error of our model ranges from 0.69 to 10.93%.

Based on the comparisons between our model with Heuer’s
experimental data,40 Schowalter’s nomograph16 and Li and Jin’s
MD simulation,22 our model is reliable to calculate the
interfacial tension of the methane−water system. Moreover,
due to the limitations of pressure and temperature in the
experiment and nomograph, our model provides access to the
methane−water interfacial tension under high-pressure, high-
temperature conditions. Although molecular dynamics is also

Figure 2. Equilibrium state of the methane−water system at 100 MPa,
423.15 K. Orange bead (bead G) stands for the methane molecule. Blue
bead (bead W) represents water molecule.

Table 2. Repulsive Interaction Strength aij Used in the
Simulationa

G W

G 25 40
W 40 25

aW for the water molecule and G for the methane molecule.

Table 3. Other DPD Parameters for the Simulation

parameter value

Nm 1
rc 1
χij 6.26
length of simulation cell in the x, y,and z directions (nm) 5
reservoir temperature (K) 423.15
reservoir pressure (MPa) 100
methane density at reservoir temperature and pressure (kg/m3) 276
water density at reservoir temperature and pressure (kg/m3) 965
Δt (fs) 1
duration (ps) 200
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able to calculate the interfacial tension under high-pressure,
high-temperature conditions, its computation cost is relatively
high. As a result, our model provides reliable and easy access to
methane−water interfacial tension for deep shales and other
application scenarios.

5. SENSITIVITY STUDY

5.1. Pressure. To investigate the influence of pressure on
methane−water interfacial tension during deep shale gas
development, we calculated the interfacial tension at pressures
20, 40, 60, 80, 100, and 120 MPa (temperature 423.15 K) using

Table 4. Interfacial Tension Obtained from Experiment and Our Model

pressure
(MPa)

temperature
(K)

methane density
(kg/m3)

water density
(kg/m3)

interfacial tension obtained through
experiment (N/m)

interfacial tension obtained using our
model (N/m) error

0.103 311 0.643 993 0.0675 0.0613 0.0926
5.17 311 34.6 995 0.0569 0.0550 0.0334
10.3 311 73.4 998 0.0512 0.0538 0.0498
13.8 311 100 999 0.0490 0.0513 0.0459

Figure 3. Interfacial tension against pressure obtained from the experiment and our model.

Table 5. Interfacial Tension Obtained from Schowalter’s Nomograph and Our Model

pressure
(MPa)

temperature
(K)

methane density
(kg/m3)

water density
(kg/m3)

interfacial tension obtained using
nomograph (N/m)

interfacial tension obtained using our
model (N/m) error

1.41 296 9.42 998 0.070 0.074 0.0536
3.01 305 20.0 996 0.065 0.070 0.0769
5.15 317 33.6 993 0.060 0.060 0
8.19 324 53.4 991 0.055 0.050 0.0909
11.2 333 72.2 988 0.050 0.045 0.1000

Figure 4. Interfacial tension against pressure obtained from Schowalter’s nomograph and our model.
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our model (Figure 7). Results indicate that interfacial tension is
significantly affected by pressure. It increases from 0.0275 to
0.12 N/m when pressure rises from 20 to 120 MPa. This
phenomenon is contrary to the results under conventional
conditions (i.e., 0.103−13.8 MPa, 311 K in Figure 3) due to the
change of water density. Under conventional conditions in
Figure 3, the water density almost remains unchanged from
0.103 to 13.8 MPa. However, under high-temperature, high-
pressure conditions, water density increases by 4.9% from 20 to
120 MPa (Figure 8). Water molecules are polar, while methane
molecules are nonpolar. The force exerted on the interface
molecules by water is much stronger than the force exerted by
methane. Therefore, the force exerted by water molecules
dominates the interfacial tension of the methane−water system.
As a result, the rapid rise in water density contributes to the
increase in interfacial tension in Figure 7. This finding is in

accordance with the studies conducted by Li and Jin22 and
Kvamme et al.,24 where they reported an increasing methane−
water interfacial tension with a rising pressure under high-
pressure conditions.

There exists a turning point (around 40 MPa) as the
interfacial tension rises. Interfacial tension increases rapidly
when pressure is below 40 MPa, while it increases a little bit
slowly if pressure exceeds 40 MPa. This phenomenon could also
be explained by the change in fluid densities. The fluid densities
and density differences under different pressures are exhibited in
Figure 8, in which density data come from the NIST Chemistry
WebBook. The density difference between water and methane is
smaller at pressures higher than 40 MPa (Figure 8). Therefore,
the molecules at the interface are exerted by a lower force. As a
result, the rise of interfacial tension at around 40 MPa slows
down.

Figure 5. Interfacial tension against temperature obtained from Schowalter’s nomograph and our model.

Table 6. Interfacial Tension Obtained from Li and Jin’s Molecular Dynamics Simulation and Our Model

pressure
(MPa)

temperature
(K)

methane density
(kg/m3)

water density
(kg/m3)

interfacial tension obtained through MD
simulation (N/m)

interfacial tension obtained using our
model (N/m) error

65.68 298.15 301.63 1024.7 0.0545 0.0605 0.1093
86.58 298.15 328.65 1032.8 0.0537 0.0575 0.0721
161.72 298.15 386.79 1059.5 0.0545 0.0497 0.0875
222.42 298.15 416.22 1078.8 0.0554 0.0546 0.0146
304.03 298.15 445.62 1102.1 0.0562 0.0566 0.0069

Figure 6. Interfacial tension against pressure obtained from molecular dynamics simulation and our model.
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The development of deep shale gas experiences an obvious
drop of pressure, and interfacial tension decreases during this
period. Because interfacial tensionis closely related to capillary
pressure. This indicates that the capillary pressure declines when
shale gas production is going on. Hence, the drop in pressure
contributes to the gas flow capability and productivity of shale
gas wells.
5.2. Temperature. The model was used to study the

influence of temperature on interfacial tension. Interfacial
tension at temperatures ranging from 353.15 to 433.15 K was
computed under a pressure of 100 MPa. Results demonstrate

that interfacial tension gradually decreases with the increase of
temperature (Figure 9). Because water expands when the
temperature rises. This means that the distance between the
water molecules becomes larger. Hence, water molecules exert
smaller forces on interface molecules, and interfacial tension
reduces. This physical phenomenon is also consistent with the
previous findings by He16 and Heuer.40 Only 20% of interfacial
tension is reduced with the temperature increasing from 353.15
to 433.15 K. Because the variation of temperature is very slight
during the development of deep shale gas, the interfacial tension
can be regarded as a constant value.

Figure 7. Methane−water interfacial tension against pressure obtained using DPD simulation.

Figure 8. Methane density, water density, and water−methane density difference against pressure.

Figure 9. Methane−water interfacial tension against temperature at 100 MPa.
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5.3. Pore Size. Interfacial tension affected by pore size was
investigated using DPD simulation. Simulation cells with sizes of
3, 5, 7, 10, 13, and 15 nm were built to approximate the real pore
size in deep shales.38 Results are shown in Figure 10, where the
confinement effect is observed. The confinement effect refers to
the phenomenon that when the size of space is on the order of
only one or several nanometers, the phase behavior of matter as
well as the energy landscape of either a chemical reaction or a
physical process may be different from their analogues in bulk.41

Due to the confinement effect, interfacial tension almost remains
unchanged at pore sizes ranging from 3 to 7 nm. Interfacial
tension rises when pore size increases from 7 to 15 nm. Because
the interfacial tension can be regarded as the sum of forces
exerted on the interfacial layer molecules by the molecules out of
the interface layer. If the pore size is between 3 and 7 nm, fluids
are confined to a very small space. The interface layer molecules
occupy most of the pore volume. The quantity of molecules
outside the interface layer is very limited. As a result, the
interfacial tension remains almost unchanged. When pore size
becomes larger, i.e., above 7 nm, there are more molecules out of
the interface layer. The forces exerted on interface layer
molecules become higher. Therefore, the interfacial tension
rises when the pore size is larger than 7 nm, and the confinement
effect is reduced. When the pore size increases from 7 to 15 nm,
the interfacial tension experiences a growth from 0.1155 to 0.27
mN/m. Interfacial tension is a key parameter to affect capillary
pressure. This phenomenon also indicates that the capillary
pressure increases when gas flows in pores ranging from 7 to 15
nm.

6. CONCLUSIONS

1. The DPD model established in this article can be used to
predict the methane−water interfacial tension in nano-
pores with high accuracy and low computation cost.

2. Pressure has a significant influence on methane−water
interfacial tension. Interfacial tension increases from
0.0275 to 0.12 N/m when pressure rises from 20 to 120
MPa. This suggests that during the development of deep
shale gas, the pressure drop helps to improve the flow
capability of shale gas.

3. The interfacial tension slightly decreases with an increase
of temperature. Because the change in temperature is not
obvious in deep shale gas development, its impact on
interfacial tension can be negligible.

4. The interfacial tension is affected by pore size. It remains
unchanged when pore size is smaller than 7 nm owing to
the confinement effect, while it increases if pore size
exceeds 7 nm. This indicates that fluid flow in the pores
with a size between 7 and 15 nm encounters an increasing
capillary pressure, which reduces gas flow capability.
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