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ABSTRACT

Flow transport of supercritical fluids (SFs) in nanopores widely occurs in shale and deep geothermal systems. Pressure is an important
parameter for describing SFs, but the effect of pressure on the flow and slip behaviors of SFs in nanochannels is unknown. In this study,
molecular dynamics simulations of the Poiseuille flow of supercritical water (SCW) in graphene nanochannels are performed by applying a
driving force to water molecules between two walls. Fluid pressure is realized by varying water density. The effect of pressure on the slip
length under different surface wettability is investigated. The results show that the slip length nonmonotonically varies with the pressure,
which is divided into three regions according to the three-regime-model of SFs. For the gas phase and gas-like SCW, the slip length gradually
decreases with increasing pressure. For two-phase-like SCW, the slip length increases with pressure. For liquid-like (LL) SCW, the slip length
decreases with increasing pressure. The slip length nonmonotonically varies due to the nonlinear variation of the fluid viscosity and interfa-
cial friction with pressure. For LL SCW, the slip length is linearly related to the inverse of the density ratio, and the effect of pressure and wet-
tability on the slip length is evaluated using the density ratio and energy barrier. Furthermore, the relationship between the slip length and
pressure is verified for application to a wide range of wettability, different channel heights, and different fluid types and solid wall types. This
study deepens the understanding of the microscale flow theory under supercritical conditions.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0171313

I. INTRODUCTION

Supercritical fluids (SFs) have attracted extensive attention since
they were first discovered. In the fields of shale gas extraction, super-
critical geothermal systems, and carbon sequestration, the flow trans-
port of SFs in micropores and nanopores is widespread.1–6 For
example, supercritical methane undergoes diffusion and adsorption in
nanopores during shale gas extraction. Supercritical carbon dioxide
(CO2) adsorbs and flows in shale pores during supercritical hydraulic
fracturing. Supercritical CO2 undergoes flow and heat transfer in hot
dry rock pores. The system efficiency is largely determined by the
nature and behavior of SFs in nanopores. However, the flow behavior
of SFs in the nanoscopic scale is still unclear compared to that in the
macroscopic scale,7–9 which severely limits the application of SFs.

Fluid flow transport in nanochannels has received attention due
to the rapid development of nanotechnology and has gradually become
a hot topic in the fields of micro-electromechanical systems, drug

transport, and membrane separation.10–12 At the microscopic scale,
the reduction in the characteristic scale of flow results in the no-slip
boundary condition at the macroscopic scale no longer being applica-
ble.13,14 The flow at the nanoscale exhibits interfacial slip behavior,
which stems from the relative motion of the near-wall fluid. Usually,
the slip length (Ls) is used to quantitatively characterize the slip behav-
ior.13 During the past 20 years, researchers have investigated the inter-
facial slip behavior, focusing on the effects of fluid–solid
interactions,15,16 gas layer,17–19 shear rate,20 wall roughness,21,22 and
channel size23–25 on the slip length. However, the above environmental
conditions have mainly focused on ambient temperature and pressure,
where the fluid is in the subcritical liquid or gas state. During shale gas
extraction, the reservoir environment has high temperature and pres-
sure conditions,7 where the fluid is in the supercritical state.

Studies on the flow transport of SFs have mainly focused on shale
gas extraction. For example, Zhan et al.26 and Shan et al.27 investigated
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the flow behavior of methane in inorganic and organic nanopores via
molecular dynamics (MD) simulations. They found that velocity
exhibits a parabolic distribution in inorganic nanopores, while it exhib-
its a plug-like distribution in organic nanopores. Wang et al.28

obtained similar results in the simulation of supercritical CO2 flow in
graphene slits. Graphene slits showed a visible velocity slip, which
greatly reduced the flow resistance and improved the gas transport effi-
ciency. In addition, the slip length gradually decreased with increasing
temperature and pore size. He et al.29 reported the effect of wall rough-
ness on the supercritical methane flow in graphene nanopores. They
found that the slip velocity of a rough wall was lower than that of a
smooth wall and that the effect of roughness was related to the pore
size. Huang et al.30 constructed realistic kerogen nanopores with differ-
ent roughness by MD. The results showed that the resistance increased
with the roughness, leading to a decrease in the flow rate. Sidorenkov
et al.31 investigated the effect of pore shape on methane flow in gra-
phene nanopores. Their simulation showed that the pore shape had a
slight effect on the slip velocity. The velocity distribution in circular
nanopores is consistent with the prediction of the classical Poiseuille
flow. Assuming that water was originally present in the shale reservoir
and was introduced during hydraulic fracturing, Liu et al.32 simulated
the two-phase flow of methane and water in hydroxyl silica nanopores.
They found that water forms hydrogen bonds with the hydroxyl
groups of walls, yielding an adsorbed water film near the nanopores.
As the pressure increased, the water film near the walls interconnected
and formed water bridges in the channel, leading to a gradual decrease
in methane flow. MD simulations of methane–water mixtures by
Wang et al.33 also revealed that water molecules adsorbed on the wall
surface and formed a water film in inorganic nanopores, while water
molecules agglomerated in the center of the channel and formed clus-
ters in graphene nanopores. Zhang et al.34 investigated the effect of
water content on the flow behavior of methane/CO2–water in organic
nanopores. They found that the slip length of methane/CO2 was
almost constant for water content below 50% and significantly
decreased with increasing water content.

In summary, the studies on the flow transport of SFs in shale
fields have focused on the effects of wall type, wall roughness, pore
size, and fluid components. Although pressure is an important param-
eter for describing SFs, there are relatively few studies on the effect of
pressure on flow. The effect of pressure on the slip length is still
unclear.35–38 Liang and Keblinski35 reported different patterns of slip
length with variable pressure for supercritical argon on graphene and
gold surfaces. The slip length on the graphene surface first decreased
and then increased with increasing pressure. In contrast, the slip length
on gold surface monotonically decreased with increasing pressure.
Furthermore, Shan et al.36 reported that the slip length nonmonotoni-
cally varied with pressure (density) for supercritical argon on the gra-
phene surface based on the molecular kinetic theory and MD
simulation. The slip length first decreased and then increased with
increasing pressure, and the slip length minimum can be explained by
competing fluid–solid and fluid–fluid molecular interactions. The MD
results of Nan et al.37 show that the slip length of supercritical methane
on the graphene surface both monotonically and nonmonotonically
varies with pressure, depending on the fluid temperature. For fluid
temperature below 350K, the slip length first decreased and then
slowly increased with increasing pressure. For fluid temperature above
400K, the slip length monotonically decreased with increasing

pressure. Barrat and Bocquet38 reported that the effect of pressure on
the slip length of Lennard–Jones (LJ) fluids on solid walls with face-
centered cubic (FCC) lattice is related to surface wettability. The slip
length monotonically decreased with increasing pressure under weak
wettability, while it was almost unaffected by pressure under strong
wettability.

The effect of pressure on the slip length could be related to the
type of solid wall (graphene and metal), the type of SFs workpiece (LJ
fluid and methane), and the surface wettability. The above issues are
important because the flow slip strongly influences the flow resistance
and system efficiency for SFs. However, such a problem is complex
and still controversial. The effects of pressure and surface wettability
on the slip length need to be revealed. In this study, water is chosen as
the fluid workpiece, which is the most widely used fluid at supercritical
pressure and can be compared with LJ fluids and methane for analyz-
ing the effect of the type of SFs workpiece. In addition, two solid wall
materials, graphene and metallic copper, are used to analyze the effect
of the type of solid walls. This study aims to investigate the effect of
pressure on the slip length of SFs under different wettability.

This study investigates the Poiseuille flow of supercritical water
(SCW) in graphene and metallic copper nanochannels by MD simula-
tion. The effect of pressure on the slip length under different surface
wettability is analyzed. The structure of the paper is arranged as fol-
lows: Section II provides the details of the MD simulation and analysis
methods of relevant parameters. Section III presents the results and
discussion, which is divided into four subsections. Section IIIA reports
the effect of pressure on the velocity distribution of SCW in graphene
nanochannels, showing that the nonmonotonic variation of velocity
distribution with increasing pressure stems from the variation of inter-
molecular interaction forces with pressure. Sections III B and III C
focus on the effect of pressure on the slip length under different surface
wettability and present the explanation based on the interface friction
perspective for the variation of the slip length with increasing pressure:
the slip length first decreases, then increases, and finally decreases with
increasing pressure. The density ratio (qf/qa) and the energy barrier
(DE=ef ) parameters are proposed to effectively describe the influence
of pressure and wettability. Section IIID further verifies the relation-
ship between the slip length and pressure under a wide range of wetta-
bility, channel height, type of solid walls, and fluid workpiece. The
paper is summarized in Sec. IV. The results highlight the microscale
flow slip theory at high temperatures and pressures and provide theo-
retical guidance for SFs flow, such as shale gas.

II. SIMULATION AND METHODS
A. Poiseuille flow

Figure 1(a) shows the physical model of the Poiseuille flow of
water in the graphene nanochannel. The system contains top and bot-
tom solid walls, with water molecules in between them. The simulated
system size is Lx � Ly � Lz¼ 4.68� 4.68� 8.6 nm3. The channel
height (H) between the two solid walls is 5.0 nm. The periodic bound-
ary condition is applied along the x- and y-directions, and the fixed
boundary condition is applied along the z-direction. The two solid
walls contain six layers of graphene with each spacing of 0.335 nm.
The bond length between the adjacent carbon atoms is 0.142nm. In
the simulation, different pressure values are obtained by varying the
water density (the number of water molecules).
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The TIP4P/2005 model is used for water molecules, which not
only reproduces the surface tension of water but also accurately
describes the phase diagram position.39–41 TIP4P/2005 model com-
prises the LJ potential energy and the Coulomb potential energy, and
is written as40

/ rijð Þ ¼ 4e
r
rij

� �12

� r
rij

� �6
" #

þ qiqj
4pe0rij

; (1)

where e is the energy parameter, representing the potential well depth,
r is the size parameter, r is the distance between atoms i and j, q is the
charge, and e0 is the vacuum dielectric constant. The TIP4P/2005
model is a four-point rigid-body model, including one oxygen atom,
two hydrogen atoms, and one virtual atom point. The oxygen atom
considers both LJ potential energy and Coulomb potential energy, and
the hydrogen atom considers only the Coulomb potential energy. The
bond length (lOH) and bond angle (hHOH) of the water molecule are
kept constant due to the rigid-body model. The parameters values are
as follows:40 rO¼ 0.315 89 nm, eO¼ 0.008 03 eV, lOH¼ 0.095 72 nm,
hHOH ¼ 104.52�, qO¼ –1.1128 e, and qH¼ 0.5564 e。.

The interaction of in-plane carbon atoms of graphene is usually
described by the Tersoff potential,42 and the interaction of interplanar
carbon atoms between different graphene layers is usually described by
the LJ potential.43 For the flow of water on the graphene surface, the
choice of flexible or rigid walls slightly affects the slip length.44,45 The
objective of the study is to investigate the effect of pressure on the slip
length. Therefore, rigid graphene walls are used to save computational
resources.46 Surface wettability is determined by the interaction energy
between fluid and solid molecules. Here, wettability is described
through the LJ interaction between the oxygen atoms of water and car-
bon atoms of graphene,39,46

/ rijð Þ ¼ 4eC-O
rC-O
rij

� �12

� rC-O
rij

� �6
" #

; (2)

where rC-O and eC-O are size and energy parameters, respectively. The
value of rC-O is 0.319 nm, which is also used in the literature.46

Wettability is adjusted by varying the value of eC-O.

The Newton equation is written as47

m
d2~r ij
dt2

¼
X

j 6¼i;j¼1

~Fij þ~Fex; (3)

wherem is the atomic mass, Fij is the force between two atoms, and Fex
is the external force. An external force is applied for each water mole-
cule to realize Poiseuille flow. The Velocity–Verlet algorithm is used to
solve the Newtonian equations. The position, acceleration, and velocity
information at moment t are known. Thus, the position r(tþDt), accel-
eration a(tþDt), and velocity v(tþDt) at moment tþDt are47

r t þ Dtð Þ ¼ r tð Þ þ v tð ÞDt þ 1
2
a tð ÞDt2; (4)

v t þ Dtð Þ ¼ v tð Þ þ 1
2
½a tð Þ þ a t þ Dtð Þ�Dt; (5)

where Dt¼ 1 fs is the timescale. In the simulation, the cutoff distance
for both LJ and Coulomb potentials is 1.5nm.48 The long-range
Coulomb force of the water molecule is calculated by the PPPM algo-
rithm,49 and the rigid water molecule is fixed by the SHAKE algo-
rithm.50 After energy minimization, equilibrium molecular dynamics
simulations are first performed with a Nose–Hoover51 heat bath, and
the fluid is maintained at a constant system temperature (660K) under
the NVT ensemble. After the relaxation of 5 ns, non-equilibrium
molecular dynamics simulations are performed to realize Poiseuille
flow by applying an external force (0.5� 10�4eV/nm), which is within
the force range chosen by Wagemann et al.52 For temperature calcula-
tions, the center-of-mass velocity of the fluid should be excluded and
only the velocity of thermal motion is employed. A biased Nose–
Hoover thermostat without the center-of-mass velocity is applied to
control the fluid temperature.53,54 The system relaxation is continued
for 10 ns to reach the equilibrium state and ensure that the velocity dis-
tribution does not significantly change. Finally, a run of 4 ns is per-
formed to obtain the statistical average of the physical parameters. The
open-source software LAMMPS (Large-scale Atomic/Molecular
Massively Parallel Simulator) is used for simulation.55

In addition to the graphene nanochannel, the Poiseuille flow of
water in a metallic copper nanochannel is also simulated. The simulated

FIG. 1. Physical model of the Poiseuille
flow of SCW: (a) graphene nanochannel
with the system size Lx � Ly � Lz¼ 4.68
� 4.68� 8.6 nm3 and channel height
H¼ 5.0 nm and (b) copper nanochannels
with system size Lx � Ly � Lz¼ 5.06
� 5.06� 8.0 nm3 and channel height
H¼ 5.0 nm.
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system size is Lx � Ly � Lz¼ 5.06� 5.06� 8.0 nm3 [see Fig. 1(b)]. The
channel height (H) between the copper nanochannels is 5.0 nm, which
is consistent for graphene nanochannels. The copper wall is filled with
eight layers of copper atoms and arranged in an FCC lattice (lattice con-
stant is 0.3615nm) with (100) crystal faces in contact with the fluid. The
simulation parameters are the same as those for the graphene system.

B. Surface wettability

The contact angle (hc) is used to characterize the surface wettabil-
ity under subcritical pressure. In the study, the water–graphene wetting
process is simulated by MD to obtain the relationship between the
contact angle and the fluid–solid interaction (e). The SPC/E model has
been used in most studies on water–graphene wetting simulation,46,56

but it does not accurately describe the physical properties of SCW
compared to the TIP4P/2005 model.41 A few MD simulations using
the TIP4P/2005 model,39 the parameters, such as the number of gra-
phene layers and cutoff distance, are different from those used in this
study. Therefore, instead of directly adopting the interaction parame-
ters in the literature, this study simulates the wetting of the TIP4P/
2005 model water on the six-layer graphene surface, which is consis-
tent for model setup under Poiseuille flow. Figure 2(a) shows the phys-
ical model of the wetting process for water on the graphene surface.
The system size is Lx � Ly � Lz¼ 23.8� 2.72� 12.2nm3. The bottom
of the system is filled with six layers of graphene, and cylindrical water
with a diameter of 6 nm is filled above the wall. The water density is
997kg/m3 under 300K and 0.1MPa conditions. A Nose–Hoover51

heat bath is used to maintain the system temperature at 300K. The
rest of the simulation parameters are the same as those for the
Poiseuille flow simulation. A 6ns relaxation is first run to reach equi-
librium, followed by 2 ns run to obtain the wetting interface. The con-
tact angle can be obtained by circular fitting of the droplet gas–liquid
interface. Here, the 0.5(qlþqv) density line is considered as the gas–
liquid interface contour, where ql and qv are the liquid and gas densi-
ties, respectively.

In early studies, for the contact angle of water on the graphene
surface, it was usually assumed that graphene has similar hydrophobic
properties as graphite with a contact angle of 80�.57 However, with the
advancement of graphene preparation and transfer techniques, the
contact angles of water–graphene have been explored in the range of
30�–120�.58–60 Such a large range of contact angles depends on the
substrate properties, number of graphene layers, surface roughness,
cleanliness, and measurement methods.61–63 In this study, three typical
contact angles of 50�, 80�, and 110� are selected, corresponding to
three typical surface wettability conditions: hydrophilic, medium, and
hydrophobic, respectively. The parameter rC-O¼ 3.19 Å is fixed, and
eC-O (0.002–0.006 eV) is adjusted to obtain the relationship between hc
and eC-O. Figure 2(b) shows the variation of hc with eC-O. The void
circles represent the relationship of the hc and eC-O based on the results
of wetting simulations. The corresponding eC-O for the three typical
wettability (hc¼ 50�, 80�, and 110�) are 0.005 72, 0.004 32, and
0.002 88 eV, respectively.

For the contact angle of water on the metallic copper surface, the
above wetting model is also adopted. The parameters eCu and rCu are
0.4095 eV and 0.2338 nm, respectively. The contact angle is calculated
by fixing rCu-O¼ (rCu þ rO)/2¼ 0.275 nm. Figure 2(c) shows the rela-
tionship between hc and eCu-O.

C. Slip length

The slip length is usually calculated using the slip model proposed
by Navier,15 Ls¼ us/c, where Ls is the interfacial slip length, us is the
slip velocity, and c is the interfacial shear rate, c ¼ @u/@n. The velocity
distribution of water on the graphene surface is plug flow. If the slip
length is directly calculated based on the epitaxial velocity distribution
profile, small changes in the velocity distribution at the fluid–solid
interface will result in a large statistical error.64 Here, the slip length is
determined as follows. According to the linear momentum conserva-
tion in the flow direction, the wall shear force (sw) is equal to the total
force applied to the fluid, sw¼ fH/2. Combined with the equation
sw¼ gdu/dz for Newtonian fluids, the slip length can be expressed as65

FIG. 2. Relationship between the contact angle (hc) and the flow–solid interaction
(eC-O): (a) physical model of the water wetting, (b) hc vs eC-O in graphene nano-
channel, in which hc¼ 50�, 80�, and 110� at eC-O¼ 0.005 72, 0.004 32, and
0.002 88 eV, respectively, and (c) hc vs eCu-O in copper nanochannel, in which
hc¼ 170� at eCu-O¼ 0.001 55 eV.
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Ls ¼ 2gus
fH

¼ 2gu
fH

; (6)

where u is the mean fluid velocity, g is the shear viscosity, and f is the vol-
ume force. Compared to the mean velocity, the slip velocity at the fluid–
solid interfaces lightly fluctuates during the statistical averaging (see Fig. 4).
The velocity distribution of SCW on the graphene wall is plug flow.
Therefore, using the mean velocity to reduce the statistical error of the slip
velocity is reasonable.65

D. Fluid pressure

In the study, fluid pressure is varied by changing the water density
in the nanochannel. In a confined space, the attraction of solid wall to
fluid molecules causes density stratification (density oscillation) of the
near-wall fluid, resulting in pressure oscillation.66,67 If the average pres-
sure of the fluid in the whole nanochannel is used as fluid pressure, the
pressure oscillation behavior will cause the pressure to deviate from the
set pressure. Pham et al.68 found that the pressure at the fluid–solid inter-
face is difficult to define. However, in the central region away from the
wall, the fluid density and pressure do not oscillate, so the average pres-
sure in this region is used as the fluid pressure. Here, the average pressure
S¼ (Sxxþ Syyþ Szz)/3 in the central region (1–4nm) away from the wall
is used as the fluid pressure. The pressure tensor (Sab) is calculated as

69

Sab ¼ �mvavb �Wab; (7)

where the first term is the kinetic energy contribution from atoms, va
and vb are the velocity components in the direction of a and b, respec-
tively, and the second term Wab is the virial contribution from the
intramolecular- and intermolecular interactions. For the water mole-
cule, the virial term can be further written as69

Wab ¼ 1
2

XNp

n¼1

r1aF1b þ r2aF2bð Þ þ 1
2

XNb

n¼1

r1aF1b þ r2aF2bð Þ

þ 1
3

XNa

n¼1

r1aF1b þ r2aF2b þ r3aF3bð Þ

þKspace r1a; F1bð Þ þ
XNf

n¼1

r1aF1b; (8)

where the first term presents the contribution of pairwise interactions,
r1a and r2a are the positions of two atoms in pairwise interactions, F1a
and F2a are the forces of the two atoms in pairwise interactions, Np is
the neighboring atoms around each atom, the second and third terms
are the contributions of the bond and angle of the water molecule,
respectively, the fourth term represents the contribution of long-range
Coulombic interactions, and the fifth term represents the contribution
of internal constraint forces.

E. Interfacial friction coefficient

The interfacial friction coefficient (j) for a low shear flow can be
calculated using the Green–Kubo relationship,64

j ¼ 1
AkBT

ð1
0
hFxðtÞFxð0Þidt; (9)

where Fx is the force of the solid wall on the fluid molecules in the flow
direction (x-direction), A is the surface area, kB is the Boltzmann

constant, and T is the system temperature. Note that j needs to be
obtained in the equilibriummolecular dynamics simulation stage.

F. Three-regime-model of SCW

Experiments and MD simulations have shown the heterogeneous
structure of SFs, which can be divided into liquid-like (LL), two-phase-
like (TPL), and gas-like (GL) regions. Here, three regimes of SCW are
obtained by the phase distribution method, which is also used for super-
critical argon.70 First, the SCW distribution in unconstrained space was
simulated by MD. Periodic boundary conditions are used in all three
directions. The system size is Lx¼ Ly¼ Lz¼ L, where L is the box size,
depending on the SCW density at different pressures. The simulated
temperature is 660K, and the pressure is 1.0–4.0Pc (Pc¼ 22.064MPa),
where Pc is the critical pressure of water. The number of water molecules
is 2048, which was also used by Karalis et al.71 They indicated that using
2048 molecules can save computational resources and accurately
describe the SCW properties. A relaxation of 1 ns is used to reach the
equilibrium state, followed by a 5ns run for molecule marking.

The molecule marking technique70,72,73 is used to identify the liq-
uid and gas molecules for SFs. For a target molecule, the neighbor mol-
ecule number (N) in the spherical space with a neighbor radius
(r¼ 1.5r) is considered. The target molecule is marked as a gas mole-
cule ifN< 5; otherwise, the target molecule is marked as a liquid mole-
cule. Here, the oxygen atom in the water molecule is the target atom,
and the spherical neighbor radius r¼ 1.5rO¼ 0.474nm. All the water
molecules were marked as liquid or gas molecules. A gas mass quality
(ngas¼Ngas/Nt) of SFs was proposed by Xu et al.,70 where Ngas and Nt

are the number of gas particles and the total number of molecules,
respectively. Considering the subcritical gas–liquid two-phase states,
the SFs are considered as LL, TPL, and GL phases if ngas < 0.1,
0.1< ngas < 0.9, and ngas > 0.9, respectively. Figure 3 shows the den-
sity boundaries of the LL, TPL, and GL regions. SCW is considered
to be in LL, TPL, and GL phases if q > 534.2, 148.5 < q < 534.2, and
q < 148.5 kg/m3, respectively.

III. RESULTS AND DISCUSSION
A. Variation of velocity distribution with pressure

The Poiseuille flow of water in graphene nanochannels under
three surface wettability (hc¼ 50�, 80�, and 110�) is simulated under

FIG. 3. Three-regime-model (GL, TPL, and LL) of SCW based on the phase distribu-
tion. The boundaries of the TPL region are qmaxGL ¼ 148.5 and qminLL ¼ 534.2 kg/m3.
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T¼ 660 K and P¼ 8–180MPa. In this range, water transitions from
the gas phase to the supercritical GL, TPL, and LL phases. Figure 4
shows the velocity distribution of water along the flow direction under
different wettability. As pressure increases, the velocity distribution
first increases and then decreases. Thus, the velocity distribution is
divided into two regions: monotonically increasing and decreasing
regions. For the gas phase and GL SCW under low pressures, the
velocity distribution gradually increases with pressure. For LL SCW
under high pressures, the velocity distribution decreases with increas-
ing pressure. For TPL SCW under medium pressures, the velocity dis-
tribution reaches a maximum. In addition, the average velocity under
weak wettability is significantly higher than that under strong wettabil-
ity,16 and the velocity distribution of LL SCW significantly changes
with pressure [see Fig. 4(c)].

The density distribution of water under different wettability and
pressures is further analyzed due to the correlation between the

velocity and density distributions. The density distribution is plotted in
Fig. 5, corresponding to the velocity distribution pattern. The density
gradually increases with pressure. The peak density of the first fluid
layer (FFL) in the near-wall region gradually increases with wettabil-
ity.16 Furthermore, the density distribution in the central region of the
channel (1–4 nm) is inhomogeneous in the region of the monotonic
increase in velocity with pressure (before the maximum value of the
velocity distribution). In contrast, the density distribution in the central
region of the channel is more uniform in the region after the maxi-
mum value of the velocity distribution. In addition, the fluid density in
the central region of the channel corresponding to the maximum value
of the velocity distribution is �500kg/m3. Thus, a correlation exists
between the variation of the velocity distribution with pressure and the
density distribution in the central region of the nanochannel.

To explain the velocity distribution with pressure, the variation
trend of the interaction force between fluid molecules with pressure is

FIG. 4. The velocity distribution under dif-
ferent pressures and surface wettability:
(a) strong wettability with hc¼ 50� at eC-O
¼ 0.005 72 eV, (b) medium wettability with
hc¼ 80� at eC-O¼ 0.004 32 eV, and (c)
weak wettability with hc¼ 110� at eC-O
¼ 0.002 88 eV.
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analyzed. For model simplification, the Coulombic interaction is
neglected, and only the LJ interaction between oxygen atoms in water
molecules is considered. Figure 6(a) shows the variation curve of the
intermolecular interaction force of water with distance (r). As pressure
increases, the fluid density increases, and the intermolecular distance
decreases. The intermolecular interaction exhibits attractive forces
when the distance r> 1.12, and repulsive forces when the distance
r< 1.12. For the attractive dominant region, the attractive force first
increases and then decreases with decreasing distance, and reaches a
maximum value at r¼ 1.24.

For the Poiseuille flow simulated by MD, a constant driving force
is applied in the flow direction. When the flow (velocity distribution)
reaches stability, the fluid in the bulk region is in equilibrium and the
total force is almost zero. This result was also obtained by Shan et al.74

in their study on non-equilibrium flow in nanochannels. The force
analysis in this study begins with the application of the driving force

and continues until the flow becomes stable, which is the period from
force non-equilibrium to equilibrium. When a constant driving force
is applied, a net force is exerted on the fluid molecules in the flow
direction. The force gradually decreases with time. After a steady flow
forms, the force is almost zero. During this period, the fluid molecules
interact with other fluid molecules, and the intermolecular interaction
force varies with the distance between them.

The analysis is based on the effect of the intermolecular interac-
tion force on the total force of fluid molecules. Instead of considering
the forces between two fluid molecules, the overall force on fluids is
evaluated. The force from the solid wall atoms is neglected, a fluid mol-
ecule is subjected to the LJ forces from surrounding fluid molecules
and driving force. The driving force is kept constant in the simulation.
As pressure increases, the distance between fluid molecules gradually
decreases. In the attractive force dominant region, the intermolecular
attractive force first increases and then decreases, and hence, the total

FIG. 5. The density distribution under dif-
ferent pressures and surface wettability:
(a) strong wettability with hc¼ 50� at eC-O
¼ 0.005 72 eV, (b) medium wettability with
hc¼ 80� at eC-O¼ 0.004 32 eV, and (c)
weak wettability with hc¼ 110� at eC-O
¼ 0.002 88 eV.
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force also exhibits a similar trend. In the repulsive force dominant
region, the repulsive force gradually increases; hence, the total force
shows a decreasing trend. Thus, as the pressure increases, the total
force first increases and then decreases, and the acceleration (a) also
maintains a similar trend due to the Newton equation (a¼ F/m).
Assuming that after the same time the fluid molecules are in force
equilibrium and the steady-state Poiseuille flow is formed, the accelera-
tion and velocity are positively correlated. Therefore, as the pressure
increases, the velocity distribution first increases and then decreases,
and the transition point occurs at the maximum value (r¼ 1.24r) of
the attractive force dominant region.

The above analysis shows that the variation of the fluid pressure
(intermolecular forces) leads to a nonmonotonic variation of the veloc-
ity distribution. Here, the SCW density corresponding to the maxi-
mum value of the attractive force dominant region is calculated.
Assuming that the distance between every two fluid molecules is df,
the number density of fluid per unit volume is 3/pdf

3. For water mole-
cules, df¼ 1.24rO¼ 0.392 nm, corresponding to the density value of
470kg/m3. Figure 6(b) shows the fluid density in the central region
corresponding to the transition point of the velocity distribution under
different wettability. The fluid density at the transition point is around
470kg/m3. The results verify that the variation of fluid velocity distri-
bution with pressure is closely related to the density distribution. The
nonmonotonic variation of the velocity distribution stems from the
nonmonotonic variation of the intermolecular interaction force with
pressure.

B. Variation of slip length with pressure

Before analyzing the variation of the slip length with pressure, the
result of water–graphene Poiseuille flow at subcritical pressure is verified.
The slip length under 300K and 0.1MPa conditions is 72.6nm, which
is consistent with the results of Celebi et al.,45 indicating the reliability of
the simulation results. Figure 7(a) shows the variation of the slip length
with pressure under different wettability. The slip length gradually
decreases with increasing wettability under similar pressure, which is
consistent with the literature.35,38 For all wettability, the slip length first
decreases, then increases, and finally decreases with increasing pressure.
The variation region of the slip length with pressure is further divided in
Fig. 7(b). For low-pressure (low-density) gas and GL SCW, the slip
length gradually decreases with increasing pressure. For medium-
pressure (medium-density) TPL SCW, the slip length increases with
pressure. For high-pressure (high-density) LL SCW, the slip length

decreases with increasing pressure. In addition, the variation of the slip
length with pressure gradually decreases with increasing wettability,
which is in accordance with the results of Barrat and Bocquet.38 Figure 7
shows that the region of monotonically increasing slip length with pres-
sure (positive correlation, Ls � P) appears within the TPL phase, and its
extent is related to surface wettability. The positive correlation region
gradually decreases with the wettability. The transition point of the posi-
tive correlation region corresponds to the maximum value of the veloc-
ity distribution (see Fig. 4).

FIG. 6. Relationship between transition
points of the velocity distribution and inter-
molecular forces with pressure: (a) the LJ
interaction force vs distance and (b) com-
parison of the transition points of the
velocity distribution under different surface
wettability and the prediction based on LJ
forces.

FIG. 7. Slip length (Ls) under different pressures and surface wettability: (a) Ls vs
fluid pressure (P) and (b) Ls vs fluid density (q).
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The above nonmonotonic variation of the slip length with pres-
sure is analyzed from the perspective of the influence of pressure on
properties of SFs. The slip length can be expressed as the ratio of shear
viscosity (g) and friction coefficient (j), Ls¼ g/j.75,76 g can be
obtained from the NIST database, and j can be calculated by Eq. (9).
Figure 8(a) shows the curves of g and j with pressure. Both g and j
increase with pressure and surface wettability. The g–P and j–P curves
are divided into three regions. In the gas and GL regions, g slowly
increases with pressure, while j increases more quickly than g, so the
slip length gradually decreases. In the TPL region, g sharply increases

with pressure,77 and the increase in j is lower than that of g, so the slip
length increases with pressure. Under stronger wettability, the varia-
tion of j is faster, which leads to the decrease in the positive correlation
region (Ls � P), consistent with the variation of the slip length with
pressure in Fig. 7(a). In the LL regions, the variation of g and j is simi-
lar to that in the GL region. Figure 9 shows the variation of the g/j
ratio with the fluid pressure and density. The variation of g/j is consis-
tent with the slip length shown in Fig. 7, which further validates the
above analysis. Shan at el. proposed a similar explanation about the
variation of g/j based on the molecular kinetic theory.36 In summary,
the nonlinear variation of both g and j with pressure leads to the non-
monotonic variation of the slip length.

The above described variation of the slip length with pressure for
SCW on the graphene surface can be divided into three regions. The
slip length gradually decreases with pressure for the gas phase and GL
SCW, increases for TPL SCW, and decreases for LL SCW. Compared
to the result of Liang and Keblinski35 and Shan at el.,36 the slip length
of supercritical argon on the graphene surface first decreased and then
increased with pressure, and the minimum value occurs at the critical
pressure or medium density (q ¼ 425 kg/m3). Nan et al.37 reported
that the slip length of supercritical methane on the graphene surface
exhibits two different variation trends depending on the fluid tempera-
ture: monotonic and nonmonotonic. At 300 and 350K, the slip length
gradually decreases and then slightly increases. While at 400 and
450K, the slip length monotonically decreases. According to the results
of this study, the slip length decreases with increasing pressure in the
GL and LL regions and increases with pressure in the TPL region. The
literature data are extracted and divided according to the three-
regime-model,70 which is obtained from Sec. IID. According to Liang
and Keblinski,35 the slip length of supercritical argon decreases with
increasing pressure in GL the region, and the slip length increases with
pressure in the TPL region. Similarly, Shan et al.36 obtained the slip
length minimum close to the boundary between the GL and TPL
regions and observed that the slip length increases with pressure in the
TPL region. Nan et al.37 observed that at 300 and 350K, the boundary
of the GL and TPL regions is located at �35 and �50MPa, respec-
tively. The pressure range (5–60MPa) contains the TPL region; hence,
the slip length first decreases and then increases. When the tempera-
ture exceeds 400K, the boundary of the GL and TPL regions is higher
than 70MPa. The TPL region is not present within the pressure range
(5–60MPa), so the slip length monotonically decreases with increasing
pressure. The results demonstrate that the variation of the slip length

FIG. 8. Viscosity (g) and interfacial friction coefficient (j) under different pressures
and surface wettability: (a) g and j vs fluid pressure (P) and (b) g and j vs fluid
density (q).

FIG. 9. The variation of the ratio of viscos-
ity and interfacial friction coefficient under
different pressures and surface wettability:
(a) g/j vs P and (b) g/j vs q.
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with pressure can be divided into three regions according to the phase
of SFs, which is applicable to different fluid types (LJ fluid, methane,
and water).

C. Microscopic mechanism for the effect of pressure
on slip length

In Sec. IIIB, the variation of the slip length with pressure is ana-
lyzed based on the nonlinear variation trend of viscosity and interfacial
friction. Here, the relationship between the interfacial friction and the
slip length is explored from a microscopic perspective. The friction
coefficient in Eq. (9) obtained from the Green–Kubo relationship can
be rewritten as78,79

j ¼ sF
AkBT

hF2i; (10)

sF ¼

ð1
0
hFðtÞFð0Þidt

hF2i ; (11)

where sF is the decorrelation time for the decay of the force–force cor-
relation function. Assuming that the main contribution of the friction
force stems from the FFL, the root mean square force per unit area
hF2i/A can be approximated as78

hF2i
A

¼ q1SðqÞðq0DEÞ2; (12)

where ql is the fluid density in the FFL, which can be written as
nfirst/A, nfirst is the number of fluid molecules in the FFL, A is the

cross-sectional area, DE is the energy barrier, and S(q) is the two-
dimensional structure factor, which characterizes the orderliness of the
fluid structure in the FFL. A larger S(q) represents a more ordered
structure arrangement,80

SðqÞ ¼ 1
nfirst

����XN
j¼1

eiq�rj
����
2

; (13)

where nfirst is the number of fluid molecules in the FFL, rj is the vector
coordinate of the fluid molecule, and q is the reciprocal lattice vector
parallel to the wall. For graphene walls, q ¼ q0 1=

ffiffiffi
3

p
;61

� �
, where q0

is the reciprocal lattice, q0 ¼ 2p=
ffiffiffi
3

p
aC-C, and aC-C is the carbon–

carbon bond length.
Furthermore, DE is usually calculated with the position of the

density peak of the FFL. However, for low-density SFs and weak wetta-
bility surfaces, the peak of the FFL is not obvious. Here, the average
energy barrier (DE) is used to accurately characterize the energy bar-
rier of all the fluid molecules in the FFL, and it can be calculated as
follows:16

DE ¼
Xn

i¼1
qiDEiXn

i¼1
qi

; (14)

where n is the total number of slices along the z-direction in the FFL,
qi is the fluid density of the ith slice parallel to the wall, and DEi is the
energy barrier of the ith slice. DEi represents the difference between
the maximum and minimum values of the potential energy field
formed by the solid wall at the ith slice. Figure 10(a) shows the rela-
tionship between j and hF2i/A. For the same wettability, j is

FIG. 10. Relationship between the friction
coefficient (j) and its factor: (a) j vs root
mean square force per unit area (hF2i/A),
(b) j vs the number of fluid molecules in the
FFL (nfirst), (c) j vs structure factor [S(q)],
and (d) j vs energy barrier [ðDE=efÞ2].
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proportional to hF2i/A with a slope of sF/kBT. As the wettability
increases, the slope decreases. Thus, hF2i/A is mainly determined by
nfirst, S(q) and DE in the FFL.

Figure 10(b) shows that j is approximately proportional to nfirst.
nfirst increases with both pressure and wettability, indicating increased
friction force. The variations in pressure and wettability do not
significantly affect S(q). Since j is nearly perpendicular to S(q) [see
Fig. 10(c)], it is insensitive to S(q). For DE=ef [see Fig. 10(d)], the
enhancement of wettability significantly increases DE=ef . However,
pressure has a slight effect on DE=ef under the same wettability, so j
is insensitive to DE=ef . In summary, for the same wettability, j is
insensitive to S(q) and DE=ef and is mainly dominated by nfirst in the
FFL. For the same pressure, j is hardly affected by S(q) and is sensitive
to sF, nfirst, and DE=ef .

The variation of the influencing factors (nfirst and DE=ef ) with
pressure is analyzed. Since nfirst cannot be directly obtained from the
density distribution curve, the first peak density (qf) of the FFL is used
instead of nfirst. Figure 11(a) shows that qf linearly varies with nfirst,
indicating that using qf instead of nfirst is reasonable. Figure 11(b)
shows qf increases with pressure for all wettability. qf sharply varies
within the TPL region, which is consistent with the dramatic variation
of density for TPL SFs. Considering the difference of density in the
three regions of SCW, the density ratio (qf/qa) parameter is proposed,
where qa is the average density of the fluid in the central region of the
channel. Figure 11(c) shows that qf/qa first significantly decreases and
then slowly increases with increasing pressure. A transition point
occurs approximately near the boundary between the TPL and LL
regions. Therefore, for GL and TPL SCW, qf/qa decreases with increas-
ing pressure, and for LL SCW, qf/qa increases with pressure. In addi-
tion, the enhanced wettability also leads to an increase in qf/qa for the

same pressure. The enhanced wettability significantly increases DE=ef
[see Fig. 11(d)]. The effect of wettability is more significant than pres-
sure, but for LL SCW, DE=ef slowly increases with pressure.

From Eqs. (10)–(12) and Ls¼ g/j, the relationship between the
slip length and j, and its influencing factors [sF, qf/qa, S(q), and
DE=ef ] are analyzed. g increases with pressure and density at the same
temperature. Figure 8 shows that the slope of the g–P or g–q curves
for LL SCW varies very little. Hence, it can be assumed that g¼C1qa,
where C1 is a constant. Therefore, Ls can be expressed as

Ls ¼ AkBTC1qave
sFhF2i

� AkBTC1

sFðnfirst=qaÞSðqÞðq0DEÞ2

� 1

sFðqf=qaÞSðqÞðDE=ef Þ2
; (15)

where AkBTC1 is a constant. Ls is determined by sF, qf/qa, S(q), and
DE . S(q) is insensitive to pressure and wettability [see Fig. 10(c)].
Therefore, for LL SCW, Ls is determined by sF, qf/qa, and DE . Figure
12(a) shows the relationship between Ls and 1=ððqf=qaÞðDE=ef Þ2sFÞ
for LL SCW, and Eq. (15) is verified. Figures 12(b)–12(d) show the
relationship between Ls and a single factor (qf/qa and DE=ef ). For the
same wettability, Ls is linearly correlated with 1/(qf/qa), and
1=ðDE=ef Þ2. However, under all wettability conditions, Ls is only line-
arly correlated with qf/qa. The result stems from the change of sF
under different wettability. Thus, Ls can be evaluated using two param-
eters qf/qa and DE=ef . The Ls �1/(qf/qa) relationship is applicable for
the LL region.

FIG. 11. Factors of friction coefficient with
pressure: (a) qf vs nfirst, (b) qf vs P, (c)
qf/qa vs P, and (d) DE=ef vs P.
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For the gas phase, GL, and TPL SWC, the mechanism of the
effect of pressure on the slip length is further explored. Figure 13
shows that Ls is negatively correlated with pressure in the gas and
GL regions, i.e., Ls�1/P. For subcritical gas, Ls can be calculated
according to the Maxwell first-order slip model. The classical
Maxwell slip model is applicable to dilute gases. Here, due to the
similarity between the subcritical gas phase and the low-density
supercritical GL phase, the applicability of the slip model is
extended. The Maxwell slip model is used to determine the slip
length for GL SCW,81,82

Ls ¼ k
2� rt
rt

; (16)

k ¼ kBTffiffiffi
2

p
pd2P

; (17)

where rt is the tangential momentum coefficient, representing the pro-
portion of molecules reflected by diffusion from the solid wall, k is the
mean free path, and d is the effective diameter of molecules, which is
�0.4 nm for water. As the pressure increases, the gas adsorption on
the wall surface increases, which increases rt. k decreases with increas-
ing pressure due to the increase in fluid density. Therefore, for low-
density gas and GL, Ls decreases with increasing pressure. For gas flow,
the Knudsen number (Kn¼ k/H) is used to describe the no-slip and
slip boundary conditions. As pressure increases, Kn is in the range of
0.1068–0.2265 for gas and GL SCW, which is in the slip and transient
regions (0.001<Kn< 1). Therefore, it is reasonable to analyze Ls for
gas and GL SCW by Eq. (16). The Maxwell slip model can still qualita-
tively reflect the variation of the slip length with pressure. A similar
analysis has been conducted in the literature.35

In the TPL region, Ls first increases with pressure and then
decreases close to the LL region. The range of the positive correlation
region between Ls and pressure is related to surface wettability. To sim-
plify the analysis, only the positive correlation between Ls and pressure
(Ls � P) for the TPL region is considered herein. Section III B explains
that the positive correlation between Ls and pressure in the TPL region
is based on the variation of viscosity and interfacial friction with pres-
sure. Figure 13 shows the relationship between Ls and qf/qa in the TPL
region. For the same wettability, Ls is approximately negatively corre-
lated with qf/qa, which is similar to the results in the LL region.
However, the slope of Ls � qf/qa under different wettability varies,

FIG. 12. Relationship between the slip
length for LL SCW and factors: (a) Ls vs
1=ððqfirst=qaveÞðDE=efÞ2sFÞ, (b) Ls vs
1/(qf/qa), (c) Ls vs 1=ðDE=efÞ2, and (d)
Ls vs 1=ðqf=qaÞðDE=efÞ2.

FIG. 13. Variation of the slip length with pressure for GL and TPL SCW.
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which is different from the result for the LL region. Therefore, for TPL
SCW, the parameter qf/qa can still reflect the trend of Ls to some
extent.

D. Verification of the effect of pressure on slip length

The variation of the slip length with pressure under different wet-
tability is analyzed in Secs. III B and IIIC, and here, additional strong
hydrophilic (hc¼ 10�, eC-O¼ 0.00766 eV) and hydrophobic cases
(hc¼ 120�, eC-O¼ 0.002 42 eV) are analyzed to verify the results under
a wide range of wettability. Figure 14 shows that the variation of the
slip length with pressure under all wettability can be divided into three
regions. In addition, the transition of the positive correlation region
(Ls � P) shifts toward low pressure as wettability decreases, which is
consistent with the previous analysis (see Fig. 7). The Ls � qf/qa rela-
tionship is satisfied for strong wettability (eC-O¼ 0.007 66 eV), while
for the weak wettability (eC-O¼ 0.00242 eV), the slope of Ls � qf/qa
curve increases. This is because of the weak fluid–solid interaction,
which leads to the fluid density distribution near the wall no longer
having a density peak. The previous analysis of interfacial friction
mainly considered the effect of the FFL. However, due to the blurring
or even disappearance of the FFL,16 the fluid density distribution closer
to the central region needs to be considered to calculate the interfacial
friction.

In addition to wettability, the relationship between the slip length
and pressure is also verified for different channel heights. The Ls � P
curve exhibits a similar variation trend under channel heights of 5 and
8nm (see Fig. 15), and the Ls � qf/qa relationship is still satisfied.
However, the Ls of LL SCW at 8 nm slightly increases compared to
that at 5 nm. For subcritical fluids, the relationship between Ls and
channel height has been extensively studied. If the channel height is
small, the Poiseuille flow obtained by non-equilibrium molecular
dynamics methods generates noise that affects the calculation of Ls.

24

Ls is independent of the channel height when the height exceeds the
threshold. For the water–graphene system under subcritical conditions
(T¼ 300 K), Ls does not significantly vary when the channel height
exceeds 5nm.24 For the water–graphene system under supercritical
conditions (T¼ 660 K) in this paper, Ls at 8 nm is slightly larger than
that at 5 nm, which may be because of the increase in velocity due to

the violent thermal motion of fluid molecules at high temperatures.
The relationship between Ls and channel height for SFs needs to be
further investigated.

For the flow of LJ fluids on solid surfaces with FCC lattice, Ls
monotonically decreases with increasing pressure under weak wettabil-
ity and is almost constant under strong wettability.35,38 The effect of
the wall types on the slip length is considered, and a typical copper sur-
face with FCC lattice is selected. The slip length on the copper surface
is significantly reduced compared to that on the graphene surface.35

To analyze the variation of the slip length with pressure, weak wettabil-
ity (hc¼ 170�, eCu-O¼ 0.001 55 eV) is considered. Figure 16(a) shows
that the velocity distribution of SCW on copper nanochannels first
increases and then decreases with increasing pressure, which is consis-
tent with the observations for graphene nanochannels. Similarly, the
slip length on the copper surface nonmonotonically varies with pres-
sure [see Fig. 16(c)], which can be divided into three regions. In con-
trast to the results of Barrat and Bocquet,38 who observed that Ls
monotonically decreases with increasing pressure, Ls increases with
pressure in the TPL region in this study. Two reasons exist for this dif-
ference. First, the range of the TPL region is small, and only one or
two data points are selected, which does not reflect the overall varia-
tion. Second, for solids with FCC lattice, Ls significantly decreases
compared to that for graphene, and the small magnitude variation of
Ls in the TPL region is insignificant under moderate and strong wall
wettability. In addition, for the LL region, the Ls � qf/qa relationship is
still satisfied [see Fig. 16(c)]. The relationship between the slip length
and pressure is the same for different solid wall types, such as graphene
and metallic copper walls.

IV. CONCLUSIONS

Flow transport of SFs in nanochannels is widespread in shale and
hot dry rock reservoirs. Understanding the slip behavior under super-
critical conditions is essential for improving the efficiency of supercriti-
cal systems. Pressure and surface wettability are the main factors
affecting the interfacial slip. In this study, the Poiseuille flow of SCW
in graphene and copper nanochannels was simulated through MD,
and the effect of pressure on the slip length under different surface

FIG. 14. Variation of the slip length with pressure under a wide range of surface
wettability.

FIG. 15. Variation of the slip length with pressure under different channel heights
(H¼ 5 and 8 nm).
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wettability was investigated. The conclusions are summarized as
follows:

1. As pressure increases, with the phase transition from the gas
phase to supercritical GL, TPL, and LL phases at the same tem-
perature, the velocity distribution first increases and then
decreases. Such velocity distribution stems from the nonmono-
tonic variation of the intermolecular interaction force with
pressure.

2. The variation of slip length with pressure is divided into three
regions. For the gas phase and GL SCW, the slip length gradually

decreases with increasing pressure. For TPL SCW, the slip length
increases with pressure. For LL SCW, the slip length decreases
with increasing pressure. The slip length nonmonotonically
varies with the pressure due to the nonlinear variation of the
fluid viscosity and interfacial friction with pressure.

3. For the gas phase and GL SCW, the Maxwell slip model effec-
tively describes the negative correlation between the slip length
and pressure (Ls � 1/P). For LL SCW, the microscopic mecha-
nism of the effect of pressure on the slip length is revealed from
the interfacial friction perspective. The slip length is evaluated
based on two parameters: density ratio and energy barrier. The

FIG. 16. Flow and slip behaviors in copper
nanochannels under weak surface wettabil-
ity (hc¼ 170� at eCu-O¼ 0.001 55 eV): (a)
density distribution with pressure, (b) veloc-
ity distribution with pressure, and (c) varia-
tion of the slip length with pressure.
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results show that the Ls � 1/(qf/qa) relationship can describe the
variation of slip length with pressure for all wettability. For TPL
SCW, such a relationship only describes the variation of slip
length for the same wettability.

4. The relationship between the slip length and pressure is applica-
ble to a wide range of wettability, different channel heights, dif-
ferent fluid types (LJ fluid, methane, and water), and different
solid wall types (graphene and copper).
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