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ABSTRACT
In this paper, effects of surface conditions on the gas flow in nanochannels with permeable walls have
been investigated by molecular dynamics simulations. The hydrodynamic characteristics of the gas flow in
nanochannels, including the density distributions, slip length and boundary friction coefficient, have been
significantly influenced by the molecular interactions between gas molecules and wall atoms. The density
layering phenomena are observed at the fluid–wall interface under a strong fluid–wall interaction (FWI).
Particularly, there is a peak of the gas density on the permeable surface where the gas density is increased
and about 3 times larger than the bulk one under the strong FWI. It indicates a strong non-continuum
density distribution on the permeable surface and the step down in density from nanopores to the bulk
region. On the other hand, the nanoscale vortices are produced in the nanopores.Moreover, themass flux of
gas flow in nanopores is reduced, and the hydrodynamic boundary has been shifted above the permeable
surface further under the weak FWI. Slip characteristics on the permeable surface under various conditions
are explored. It has been found that the slip length on the permeable surface may vary as a logarithmic
function with the molecular mean free path. Apparently, the skin friction on the permeable surface is
affected by the velocity slip. These results are significant in the understanding of nanoscale hydrodynamics.
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1. Introduction

Nanofluidics that is inferred to the study of the behaviour,
manipulation and control of fluids that are confined to
structures of nanometre (typically in the length 1∼100nm)
characteristic dimensions has emerged as a discipline of sci-
ence and engineering. Although transport phenomena of fluids
at the nanoscale have been studied for decades, the study of
nanofluidics is recently being increasingly employed.This grow-
ing interest comes from the more promising areas of
nanofluidics, such as the micro/nano-electromechanical
systems (MEMS/NEMS),[1–5]Lab-on-a-Chip [6–8] andmicro-
total-analysis systems (μTAS).[9–11] Because fluids confined in
these structures of nanometre exhibit physical behaviours that
are not observed in larger structures, such as those of microme-
tre dimensions and above, our understanding of how fluids
behave at very small length scales have significant implications
not only in the design of nanofluidic devices but also in the study
of fundamental nanoscale science.

Usually the channel walls are assumed to be atomically
smooth. Apart from the flow past the smooth solid wall, flows
in channels with porous walls, named Berman flows by many
authors [12,13], are used inmodelling the separation of a binary
mixture by gaseous diffusion, membrane separation
processes,[14] filtration,[15] biological transport processes,[16]
transpiration cooling and solar energy collectors. The porous
wall will influence the velocity slip and slip length on the per-
meable surface, and in turn, the skin friction on the surface will
be affected by the velocity slip. Much work has been done to
investigate the effect of wall roughness on the flow in channels,
including the rectangular, sinusoidal, triangular [17,18] and
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topological surfaces.[19] The fluid is located in the space of
wall roughness where the fluid is rest and its influence on the
bulk flow can be ignored.[17] The permeable surface, however,
displays absolutely different pictures that the fluid can penetrate
the permeable surface and flow into the nanoporouswall. In this
case, the effect of the permeable surface on the hydrodynamic
characteristics such as the velocity profiles and density distribu-
tions in a nanochannel must be investigated in detail.

At the nanoscale, the interfacial phenomena and fluid be-
haviours such as the density layering phenomena and/or slip
boundary condition (SBC) are strongly influencedby the surface
conditions of the solid wall, and the wall–fluid interactions
have a very significant impact on the fluid flow in nanochan-
nels. For example, Thompson and Robbins [20] and Thomp-
son and Troian [21] changed the solid–fluid interaction energy
parameter and wall density to study their effects on the slip
length. Soong et al. [22] performed molecular dynamics (MD)
simulations to explore the effects of wall lattice–fluid interac-
tions on the hydrodynamic characteristics in nanochannels,
and the hydrodynamics at various flow orientation angles with
respect to channel walls of lattice planes (1 1 1), (1 0 0), and
(1 1 0) were explored. Xie et al. [23] investigated the fluid flow
in the nanochannel with a Janus interface (NCJI), especially
when considering the asymmetric situations of wettability in
the biology. The simulation results showed that the temperature
has a significant influence on the particle number near the
hydrophilic surface because the desorption increases with the
fluid temperature, while the external force has a little influence
on the mass distribution. Bernardi et al. [24] pointed out that
the liquid properties inside nanoconfined geometries aremostly
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Figure 1. Geometry of a nanochannel with the permeable surface: channel length
Lx = 540σ , channel height H = 205σ , and pore size A = 60σ and P = 60σ . The y
direction points into the xz plane and the channel width is Ly = 14.3σ . The upper
wall is moving with a constant velocity u0.

determined by the interactions at the interface and specifically
by thewall structurewhich affects the first few atomic/molecular
layers close to thewall surface, e.g. velocity slip.Wecan conclude
that both the fluid structure and slip length vary widely with
the commensurability in wall-fluid density and the interacting
strength between wall and fluid atoms.

The effect of wall porosity on the velocity profiles and density
distributions in a nanochannel has not, to the best of our knowl-
edge, been explored previously, although much work has been
devoted to the Berman flows in channels with porous walls.
In addition, the hydrodynamic characteristics under various
surface conditions such as the interacting strength between
wall and fluid atoms have not been investigated yet, and the
gas dynamics in the nanopores of the permeable walls is not
well presented either. In this paper, we investigate the effect
of the molecular interactions between wall and fluid atoms
on the fluid flow in nanochannels with permeable walls using
MD simulations, and the hydrodynamics at various surface
conditions with respect to the nanoporous channel wall will
be explored. The paper is organized as follows. In Section 2 the
nanochannel flow is configured, the fluid-fluid and fluid-wall
potential models are presented, and the SBC at nanoscales is
introduced. The MD simulation results of hydrodynamic char-
acteristics of the gas nanochannel flow under the influence of
various surface conditions are presented in Section 3, including
thedensity distributions, velocity field and the boundary friction
coefficient. In Section 4 conclusions are drawn.

2. Methodology

2.1. Nanochannel flow

A three-dimensional Couette flow is considered as the flow
configuration and the fluid is confined between two solid planar
walls parallel to the xy plane with periodic boundary conditions
imposed along the x and y axes, as shown in Figure 1. Couette
flow is generated bymoving the upper wall at a constant velocity
u0 along the x axis but keeping the bottomwall stationary. Each
wall consists of atoms forming two planes of a face-centred-
cubic (f.c.c) lattice. To maintain a well-defined solid structure
with a minimum number of solid atoms, each wall atom is
attached to a lattice site with a spring. A spring constant is
used to control the thermal roughness of the wall and its re-

Figure 2. Nanochannel flows past the permeable surface: (a) a steady gas flow;
(b) a pore-scale flow under a strong FWI (c = 1.0); (c) a pore-scale flow under a
medium FWI (c = 0.5); and (d) a pore-scale flow under a weak FWI (c = 0.25). The
directions are the same as Figure 1.

sponsiveness to the fluid. The flow is locally fully developed to
be laminar with Reynolds numbers in the range of 5 ∼ 50.
The simulated characteristic length, i.e. the distance between
the two plates, reaches H = 205σ which is really comparable
with the characteristic size of NEMS devices in engineering
situations. In the x direction, the size of the simulation cell
is about Lx = 540σ which is beyond the rough geometry in
an individual computation. The permeable bottomwall is taken
into account in ourMD simulations, which are shown in Figure
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Table 1. Physical parameters in MD simulations.

Parameter Symble Value

Diameter σA 3.405×10−10 m
σAP 3.085×10−10 m

Energy εA 1.67×10−21 J
εAP 0.894×10−21 J

Mass mA 40 a.u.
mP 195 a.u.

Time τ = σA

√
mA

/
εA 2.15 × 10−12 s

Temperature εA/kB 119.8 K

1, and it can be described as porosity and are characterized by an
amplitudeA and a spaceP as used in roughwalls. The permeable
surface is parameterized with A = 60σ and P = 60σ . It should
be pointed out that the size of the pores is much larger than
the amplitude of the roughness. The magnitude of the pore size
can guarantee that the gas flow in the nanochannel with the
permeable surface is completely different from the one past the
rough surface.

2.2. Molecular simulations

Argon-argon interactions with each other are via a Lennard-
Jones (LJ) 12-6 potential in the form

φ(r) = 4ε
[(σ

r

)12 −
(σ

r

)6]
, (1)

where r is the intermolecular distance, ε and σ are the energy
and molecular diameter parameters, respectively. On the other
hand, the argon-platinum interaction is expressed as follows

φ(r)AP = 4cεAP
[(σAP

r

)12 −
(σAP

r

)6]
, (2)

inwhich the constant c is used to control the interaction strength
between the fluidmolecules andwall atoms, and the larger value
of c refers to a stronger fluid–wall interaction (FWI). Three
magnitudes of FWI, i.e. c = 0.25, c = 0.5 and c = 1.0 are
considered in our MD simulations, in which c = 0.25 refers to
a weak FWI. Based on the above interactions, the physical pa-
rameters in our MD simulations are presented in Table 1. Note
that all dimensional quantities such as the fluid density ρ and
velocity u given by pure numbers in ourMD simulations will be
understood to be multiplied by an appropriate combination of
σ , ε andm. For example, the moving velocity of the upper wall
is set as u0 = 1.0σA/τ .

The argon molecules move according to Newton’s second
law and the motion equation of the ith molecule is

m
dz2i
dt2

=
∑
j �=i

∂φLJ

∂zi
− m�żi + ηi, (3)

where � is a friction constant determining the rate of heat
exchange between the simulation system and the heat reservoir,
and ηi is a Gaussian distributed random force.[25] The equa-
tions of motion are integrated using a leapfrog Verlet algorithm
with a time step of 
t = 0.02τ . Particularly a typical potential

cut-offof rcut = 2.5σ and the cell-linked listmethodare adopted
to reduce the computing cost of interparticle interactions.[26]
The gas and wall temperatures are both fixed at T = 119.8
K. The velocity rescaling technique is applied to wall atoms
to maintain a constant wall temperature and the fluid system
is kept at a constant temperature by a Langevin thermostat
method in the z direction.[27]A typical computation in ourMD
simulations requires 1,000,000 time steps to reach the steady
flow state. We spend about 1,500,000 additional time steps on
averaging the macroscopic characteristics.

2.3. Navier boundary condition

One of the fundamental assumptions in fluid mechanical for-
mulations of Newtonian flow past solid walls is the ‘no-slip’
boundary condition (NSBC): that is, the tangential component
of the fluid velocity equals that of the solid on the surface.
However, themicroscopic origin of the no-slip condition has re-
mained elusive for over a century.While experiments at macro-
scopic scales are consistent with this NSBC, recent experiments
which probe molecular scales indicate that the NSBC may be
different.[28]

In micro/nanoscales the SBC plays an important role in
the flow development.[20,21,29–32] According to the Navier
boundary condition, the slip length can be calculated by extrap-
olating the velocity profiles from the position in the fluid to
where the velocity would vanish. Therefore, the slip length Ls
can be written as

Ls = us
∂u

/
∂z

∣∣
z=0

, (4)

where us is the slip velocity, and ∂u
/
∂z is the local shear rate

with the wall located at z = 0. Here we define a dimensionless
slip length ls as ls = Ls/H whereH is the characteristic length of
the flow geometry. Based on the SBC, Maxwell theory predicts
the dimensionless slip length relevant to the Knudsen number
as

ls = 2 − ς

ς
Kn, (5)

in which ς is the tangential momentum accommodation coeffi-
cient (TMAC) defined as the fraction of gas molecules reflected
diffusively from a solid surface, and Kn is the Knudsen number
defined as the ratio of the molecular mean free path λ to the
system characteristic length H . Maxwell theory indicates that
the dimensionless slip length ls is proportional to Kn linearly
and is always positive due to the rarefaction effect.[33]

Generally the NSBC at porous walls is relaxed to account
for the momentum transfer within the porous walls. When a
viscous fluid flows past a porous solid, it has frequently been
assumed that the tangential component of the surface velocity is
zero. Although this NSBC is valid on the impermeable surface,
it is not clear that it is still available on the nominal surface
of a permeable material. Beavers and Joseph proposed that this
NSBC is no longer valid at a permeable boundary since there is a
momentum transfer resulting in a drag force that results in slip
velocity at the porous interface with large open pores.[34,35]
On the other hand, the fluid velocity slips on the permeable
surface of porous walls such as the slip length for amorphous
carbon surfaces in nanopores,[36] and it is necessary to take
the SBC for the fluid flow in microporous media.[37–43] For
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Figure 3. Density contours of the gas flow past the permeable surface: (a) under
a strong FWI (c = 1.0); (b) under a medium FWI (c = 0.5); and (c) under a weak
FWI (c = 0.25). The dark blue squares at the bottom are the solid parts of the
nanochannel.

fluid flow bounded by porous media which is permeable in the
streamwise direction, many researchers have employed a slip
velocity on the surface of the porous medium. For example,
velocity field solutions for finite aspect ratio rectangular ducts
with one porous bounding wall were obtained and employed to
determine the friction factors.[44]

3. Results and discussion

3.1. Density distributions

The three-dimensional steady gas flow in the nanochannel is
shown in Figure 2(a). The gas flows in the pore under the three
FWI are shown inFigure 2(b)–(d). Figure 2(b) refers to the pore-
scale gas flowunder a strong FWI, which displays the stick of the
gas molecules near the wall (indicated by a blue dotted square)
and the construction of a condensed layer of gas molecules.
The gas molecules are also stuck near the wall under a medium
FWI, as shown in Figure 2(c), but the condensed layer of gas
molecules gets thinner compared to the strong FWI. Further,
there is no gasmolecules that are stucknear thewall and the con-
densed layer disappears under a weak FWI, which is shown in
Figure 2(d). We can conclude that the gas molecules can be
adsorbed near the wall under the strong and medium FWI and

Figure 4. Pressure contours of the gas flow past the permeable surface: (a) under a
strong FWI (c = 1.0); (b) under a medium FWI (c = 0.5); and (c) under a weak FWI
(c = 0.25). The red solid lines at the bottom are the boundaries of the permeable
surface.

build an ordering layer that will result in a condensed fluid
density near the wall. This layering effect had been reported by
Koplik et al. [29], and it was shown that the molecular ordering
in the layer is the most probable location of a fluid molecule
being at an f.c.c lattice site.

Density contour of the gas flow in the nanochannel is shown
in Figure 3. Figure 3(a) refers to the density distribution under
a strong FWI, and we find that there is a thick layer of gas
molecules constructed near the wall. However, the layer of
gas molecules gets thinner in the pores under a medium FWI,
which is shown in Figure 3(b). Moreover, as shown in Figure
3(c), the ordering layer of gas molecules disappears completely
under a weak FWI. Based on the gas equation of state, large gas
density near the wall will result in a large gas pressure. The low
gas density, in turn, will result in a low gas pressure near the
wall. In addition, we calculate the pressure distributions in the
nanochannel, which is shown in Figure 4(a)–(c). We find that
there is a gas pressure gradient at the gas–wall interface under
the three FWI and the gas pressure decreases gradually near the
wall.
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Figure 5. Density profiles of the gas flow past the permeable surface. The black
squares, green triangles and blue inverted triangles represent the strong FWI
(c = 1.0), the medium FWI (c = 0.5) and the weak FWI (c = 0.25), respectively.

We look at the density profiles of the gas molecules across
the nanochannel in the z direction, i.e. along the height of the
nanochannel, as shown in Figure 5. Under the strong FWI
(indicated by the blue inverted triangles), the density of gas
molecules near the wall is much larger than the bulk one in the
main region of the nanochannel, which is consistent with the
density contour observed in Figure 3(a), and the gas density in
the pores is also larger than that in the main region, which is
called ‘step-down’ in density. Particularly, there is a jump of the
gas density on the permeable surface (z = 60σ ) where the gas
density is increased about three times larger than the bulk one.
It indicates a strong non-continuum density distribution on the
permeable surface. However, the density of gas molecules near
the wall is much lower than the bulk one in the main region of
the nanochannel under both medium and weak FWI (indicated
by green triangles and black squares respectively), and the gas
density in the pores is also lower than that in the main region.
The condensed layer of gasmolecules that results in the increase
of gas density near the wall under the strong FWI cannot be
built up under both medium and weak FWI. Therefore, the gas
density is reduced significantly near the wall due to the weak
fluid–solid bonding strengths (hydrophobic phenomena), i.e.
both medium and weak FWI, and is much lower than the bulk
one in the main region of the nanochannel. It can be validated
in Figure 3 that the condensed layer constructed near the wall
under the strong FWI contributes to the gas density increase
but there is no kind of this layer under both medium and
weak FWI causing the drop of gas density near the wall. In
addition, the jump of the gas density on the permeable surface
under both medium and weak FWI is lowered compared to
the strong FWI. Recall that the gas molecules are adsorbed
significantly under the strong FWI and there is a thick layer
of gas molecules near the wall that is shown in Figure 3. That is
the reason that there is a huge of gas molecules located in the
pores resulting in a large gas density distribution.This ‘trapping-
desorption’ behaviour is responsible for the molecular layering
and oscillating density distribution near thewall.[33]Moreover,
the permeable surface on the bottom wall acts as a ‘swicth’ that
prevents the gas molecules from entering the pores. Apparently
the ‘swicth’ results in the blockage of gas molecules on the

Figure 6. Density profiles of the gas flow past the permeable surface vary as a
function of Kn: (a) Kn = 0.14; (b) Kn = 0.045; and (c) Kn = 0.027. The strong FWI
(c = 1.0) is chosen here.

permeable surface and a big jump of the gas density happens
under the strong FWI (indicated by the blue inverted triangles).

We further look at the jump of the gas density on the per-
meable surface and the effect of the rarefaction on the jump is
shown in Figure 6. Figure 6(a) refers to a big jump of the gas
density on the permeable surface when the rarefaction effect
is strong, i.e. Kn = 0.14. As the rarefaction effect is reduced,
i.e. Kn = 0.045, as shown in Figure 6(b), the jump of the gas
density still exists. However, the jump is lowered significantly
on the permeable surface under weaker rarefaction effect, i.e.
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Figure 7. Influence of the pore size on density profiles of the gas flow past the
permeable surfaces: triangles for pore size A = 60σ and P = 60σ ; and open circles
for pore size A = 100σ and P = 100σ . The medium FWI (c = 0.5) is chosen here.

Kn = 0.027, as shown inFigure 6(c). It canbe concluded that the
jumpof the gas density on thepermeable surface ismoreobvious
when the rarefaction effect takes place and the jump is lowered
under weaker rarefaction effect. In addition, the influence of the
pore size on the gas density distribution has been investigated
and is shown in Figure 7. The jump of the gas density appears
on the permeable surface for both size of pores, i.e. small pore
A = 60σ , P = 60σ and large pore A = 100σ , P = 100σ , and
the peak is decreased with the pore size increasing. Moreover,
the gas density in the large pores is increased and larger than the
bulk one compared to the small pore, which indicates that the
large pores on the permeable surface are capable of capturing
more gas molecules.

3.2. Velocity fields and potential energy

The interacting strength between gas and wall atoms will affect
the velocity fields of the gas flow past the permeable surface,
and the velocity fields of the gas flow in the nanochannel are
shown in Figure 8. Under the strong FWI as shown in Figure
8(a), the gas flow produces the nanoscale vortices in the pores
and the gas flow in the bulk region is influenced by the per-
meable surface significantly. Figure 8(b) indicates that the gas
flow also produces the nanoscale vortices in the pores and the
influence of the permeable surface on the gas flow in the bulk
region is reduced under the medium FWI. Further, as shown in
Figure 8(c), the gas flow in the bulk region is influenced by the
permeable surface insignificantly and the gas flow produces few
nanoscale vortices in the pores under the weak FWI compared
to the strong and medium FWI. The above observation shows
that the momentum transfer between gas and wall atoms is very
efficient under the strong FWI.

The mass transfer between fluid and wall should be different
at various surface conditions, and the mass flux (ρu) of the
gas flow past the permeable surface of the nanochannel under
the three FWI is shown in Figure 9, which indicates that the
mass flux in the pores under the three FWI is all decreased.
Interestingly, we find that the velocity profile of the gas flow
deviates from the linear fitting indicated by the black-dotted
line. As a result, the hydrodynamic boundary has been shifted

Figure 8. Velocity fields of the gas flow past the permeable surface: (a) under a
strong FWI (c = 1.0); (b) under a medium FWI (c = 0.5); and (c) under a weak FWI
(c = 0.25). The red solid lines at the bottom are the boundaries of the permeable
surface.

above the permeable surface,which is indicated by the reddotted
line. It means that the hydrodynamic boundary is higher than
the height of pores. In addition, we find that the strength of
FWI will affect the shift of the hydrodynamic boundary. Figure
9(a) refers to the strong FWI, and the hydrodynamic boundary
has been shifted at z = 90σ . Figure 9(b) and (c) refer to the
medium and weak FWI, and the hydrodynamic boundaries
have been shifted at z = 110σ and z = 135σ , respectively.
We can conclude that the hydrodynamic boundary has been
shifted more higher than the height of pores under the weak
FWI.

The potential energy of the gas flow in the nanochannel is
calculated and is shown in Figure 10. Under the strong FWI,
as shown in Figure 10(a), the potential energy of gas molecules
near the wall is large due to the adsorption of gas molecules.
However, the potential energy of gas molecules near the wall is
decreased under the medium and weak FWI, which are shown
in Figure 10(b) and (c), respectively. It indicates that the gas
molecules are stuck efficiently near the wall under the strong
FWIwhich is responsible for the large potential energy observed
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Figure 9. (Left panel) mass flux (ρv) of the gas flow past the permeable surface: (a) under a strong FWI (c = 1.0); (b) under a medium FWI (c = 0.5); and (c) under a weak
FSI (c = 0.25). The red solid lines at the bottom are the boundaries of the permeable surface. (Right panel) velocity profiles related to the mass flux: the red-dotted lines
indicate the shifted hydrodynamic boundaries, and the black-dotted lines are the fit of the velocity profiles.

near the wall. Accordingly, the kinetic energy of gas molecules
has been translated to the potential energy.

3.3. Velocity profiles and slip length

We now focus on the velocity profiles of the gas flow across the
nanochannel under the three FWI, which is shown in Figure 11.
Figure 11(a) indicates that the velocity profiles of the gas flow
are linear in the bulk region of the nanochannel. However, the
velocity profiles deviate from the linear fitting and fluctuate in
the pores under the three FWI. We zoom into the pore area
below the permeable surface, as shown in Figure 11(b), and
find that a large slip velocity us occurs on the permeable surface
under theweak FWI resulting in a large slip lengthLs.Moreover,
the slip velocity on the permeable surface decreases as the FWI
increasing, which refers to the reduced slip length. Therefore,
the smallest slip velocity and slip length are observed under the
strong FWI.

The slip length Ls that is relevant to the slip velocity can be
computed using Equation (1) and is plotted as a function of Kn
in Figure 12. Figure 12 indicates that the dimensionless slip ls
is an increasing function of Kn and pronounced to be a non-
linear function of Kn, which is different from the prediction

of Maxwell theory that the ls is proportional to Kn linearly. In
addition, the slip length is decreased as the FWI increasing, and
ls is the smallest on the permeable surface under the strong
FWI. Particularly the negative slip occurs on the permeable
surface under the three FWI at small Kn. That is because the
layering phenomena near the wall that the nanochannel has
been narrowed. On the base of the current MD simulations,
the ls − Kn relationship can be well expressed by a logarithmic
function

y = a ln x + b, (6)

which fits the simulation data with a = 0.095, 0.079 and 0.067,
and b = 0.36, 0.28 and 0.21 for the weak, medium and strong
FWI, respectively. The fitting constants a and b are decreased
as the molecular interaction between gas and wall atoms in-
creasing. It is shown that the slip length on the permeable
surface may vary as a logarithmic function with the molecular
mean free path. As a result, the TMAC (ς) on the permeable
surface may be greater than unity due to the non-Maxwell
slippage, and it is thus not limited to the range of 0 ∼ 1.0 for
the permeable gas-solid condition. In addition, the influence
of the pore size at the permeable surface on the slip length
has been investigated and is shown in Figure 13. As the pore
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size is increased from A = 60σ , P = 60σ (open circles) to
A = 100σ , P = 100σ (open diamond), the slip length of
the gas flow on the permeable surface is decreased, and it is
related to Kn as a logarithmic function that is expressed by
Equation (6). The fitting constants a = 0.095, 0.067 and b =
0.36, 0.26 are for the small pores and large pores, respectively,
which are decreased as the pore size increasing. In order to
ensure that the velocity slip has been exactly measured and the
slip length has been also obtained accurately, we carry out a
standard nanochannel flow past atomically smooth walls and
make a comparison with both benchmark data and theoretical
prediction as follows. We set up a same nanochannel of gas
flow as shown in Figure 1, but the bottom wall is changed to
be smooth. The MD simulations of nanochannel gas flow have
been performed at different Kn, and the variation of slip length
at the wall as a function of Kn is shown in Figure 14, in which
benchmark data of MD and direct simulation Monte Carlo
(DSMC) [30] and theoretical prediction are both shown. The
theoretical prediction is based onMaxwell theory, i.e. ls = αKn,
in which α is the slip coefficient.[45] It can be seen in Figure 14
that the slip length obtained in our MD simulations reaches a
reasonable agreement with both MD and DSMC data [30] and
Maxwell theory at low Knudsen numbers (Kn < 0.1), but is
larger than the prediction of Maxwell theory as Kn increasing.
For the current MD simulations of gas nanochannel flow,Kn ∼
0.1, and considering an estimated relative error in mean free
path of gasmolecules, ourMDdata are in reasonable agreement
with theory.

3.4. Frequency ofmolecules dropping into nanopores

The fluid flow on the solid wall has been well described by
Maxwell theory, which assumed that the fluid molecules are
diffusively reflected when they collide with the smooth solid
surface. However, the fluid molecules might penetrate the sur-
face and reside inside the wall if the surface is permeable. For
example, the gas flow in the nanochannel with the permeable
surface A = 60σ and P = 60σ is considered in present paper,
and we are concerned about the molecular behaviour on the
permeable wall. Our previous observations illustrate that the
gas molecules travel all the time in the nanochannel even they
enter the pores few times when the gas flows past the permeable
surface. It is also shown that the gas flow in the pores is not rest,
which is different from the fluid flow past the rough surface
where the molecules are trapped and there is no flow in the
rough area.[17,31] Moreover, we investigate the frequency of
gas molecules entering the pores under the three FWI. Note
that we colour the gas molecules that drop into the pores at
the very beginning of our MD simulations and record their
trajectories till the end of simulations. Then the average time
of the gas molecules that entered the pores once is extracted,
and each gas molecule has been tracked for 2,500,000 time
steps totally. As shown in Figure 15, the distribution of gas
molecules dropped into the pores of the nanochannel indicates
that a large number of gas molecules enter the pore less than
10 times under the medium and weak FWI compared to the
strong FWI.However, the number of gasmolecules entering the
pore more than 10 times is all sharply reduced under the three
FWI. In addition, very few gas molecules can enter the pores

Figure 10. Potential contours of the gas flow past the permeable surface: (a) under
a strong FWI (c = 1.0); (b) under amedium FWI (c = 0.5); and (c) under aweak FWI
(c = 0.25). The red squares at the bottom are the solid parts of the nanochannel.

up to 50 times. The molecules that dropped into the pores by
penetrating the permeable surface contribute to the large value
of the TMAC (ς) that is greater than unity, which indicates that
the diffusive reflection has been enhanced significantly on the
permeable surface.

3.5. Boundary friction coefficient

The slip velocity and slippage have been influenced on the
permeable surface by the molecular interaction between gas
molecules and wall atoms, and in turn, the skin friction at the
permeable surface is affected by the velocity slip. For the locally
fully developed laminar flows in our MD simulations, the skin
friction coefficient f is defined as

f = τw
1
2ρu

2
0
, (7)

where τw is the wall shear stress calculated by the net change of
momentum of gas molecules at the wall per unit area and time,
ρ is the gas density, and u0 is the upper wall moving velocity
as defined in Section 2. If the Maxwell slip law is applied, the
normalized friction constantC∗, which represents the deviation
degree of the friction coefficient from flows on the macroscale,
can be theoretically expressed as
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Figure 11. Velocity profiles of the gas flow past the permeable surface: (a) under
a strong FWI (c = 1.0), under a medium FWI (c = 0.5) and under a weak FWI
(c = 0.25); (b) zoom in the area of A displayed by the red-dotted square in (a). The
vertical dotted line indicates the height of pores of the nanochannel. The black,
green and blue diagonal dotted lines are the fit of the velocity profiles under the
three FWI, respectively.

Figure 12. Slip length ls of the gas flow past the permeable surface varies as a
function of Kn under different FWI. The dash-dotted line refers to the NSBC.

C∗ = 1
1 + 62−ς

ς
Kn

= 1
1 + 6ls

. (8)

Figure 13. Influence of the pore size on the slip length ls of gas flow past the
permeable surfaces which varied as a function of Kn: open circles for pore size
A = 60σ and P = 60σ ; and diamond for pore size A = 100σ and P = 100σ .
The dash and dash-dotted lines are the fit of the slip length for the small pores and
large pores, respectively. The weak FWI (c = 0.25) is chosen here.

Figure 14. Slip length ls of the gas flow past atomically smooth walls varies as a
function of Kn. The open circles and squares refer to the MD and DSMC data of [30],
and the solid line refers to Maxwell theory, respectively.

Figure 15. Distribution of gas molecules dropped into the pores of the permeable
surface under the three FWI.

The friction coefficient C∗ on the permeable surface as a
function of Kn under the three FWI is plotted in Figure 16. As
shown in Figure 16, the friction coefficient C∗ is a decreasing
function of Kn, and C∗ on the permeable surface is increased
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Figure 16. Friction coefficient C∗ of the gas flow past the permeable surface varied
as a function of Kn under different FWI.

with the FWI increasing. The slip length on the permeable
surface is smaller under the strong FWI in the slip region, which
was illustrated in Figure 12, and in turn, the smaller slip length
on the permeable surface produces a larger friction coefficient in
this region. It indicates that the larger friction coefficient under
the strong FWI predicted in Figure 16 is consistent with the
smaller slip length on the permeable surface observed in Figure
12. In addition, the friction coefficient C∗ on the permeable
surface under the three FWI is greater than unity (referring to
the no-slip boundary and indicated by the dash-dotted line)
for small Kn( = 0.03), resulting from the negative slippage
observed in Figure 12. The theoretical predict of the friction
coefficient (indicated by the dashed line) is also shown in Figure
16 using Equation (8) with the TMAC (ς) taken equal to unity,
andwe find that the friction coefficient on the permeable surface
under the strong andmedium FWI is larger than the theoretical
one if Kn > 0.04. It indicates that the TMAC (ς) deviates from
the Maxwellian prediction due to the rarefaction effect and is
out of the range of 0 ∼ 1.0. Recently Liakopoulos et al. [46] have
reported a dependence of the friction factor on the geometric
characteristics and quantified the associated energy dissipation
of fluids moving in nanochannels. The energy dissipation con-
sumed by the nanoscale vortices in the pores is responsible for
the large friction coefficient on the permeable surface.

4. Conclusion

In this paper, effects of various surface conditions on the gas
flow in nanochannels with permeable walls have been investi-
gated by MD simulations. It is shown that the hydrodynamic
characteristics of the gas flow in the nanochannel, including
the density distributions, slip length and boundary friction co-
efficient, have been significantly influenced by the molecular
interaction between gas and wall atoms. Three magnitudes of
the interacting strength between gas and wall atoms have been
applied in the investigations, i.e. the strong FWI, the medium
FWI and the weak FWI, respectively.

The density layering phenomena were observed at the fluid–
wall interface under the strong FWI and the molecular layer
disappeared when the interacting strength between gas and wall
atoms is weak. Particularly, there was a peak of the gas density

on the permeable surface where the gas density was increased
about three times larger than the bulk one under the strong FWI.
It indicated a strong non-continuumdensity distribution on the
permeable surface and the step-down indensity fromnanopores
to the bulk region. In addition, the jump of the gas density on
the permeable surface was lowered under themedium andweak
interacting strength, and the blockage of gas molecules was also
reduced under theweak rarefaction effect. The gas density in the
large pores was increased due to its capability to capture more
gas molecules.

On the other hand, the nanoscale vortices were produced in
the nanopores, which influenced the bulk flow in the nanochan-
nel. The bulk flowwas affected significantly by the gas dynamics
of molecules in the nanopores under the strong FWI, which
indicated that the momentum transfer between gas and wall
atoms was very efficient under the strong FWI. Moreover, the
mass flux in nanopores was reduced under the three FWI,
and the hydrodynamic boundary had been shifted above the
permeable surface further under the weak interacting strength.
Accordingly, the slippage on the permeable surface was affected
under the three interacting strengths. It was shown that the
slip length on the permeable surface may vary as a logarithmic
function with the molecular mean free path and the largest
slip length was decreased as the interacting strength increasing.
As a result, the TMAC (ς) on the permeable surface may be
greater than unity due to the non-Maxwell slippage. The slip
length was decreased with the pore size increasing. Appar-
ently, the skin friction on the permeable surface was affected
by the velocity slip. The friction coefficient C∗ is a decreasing
function of Kn, and C∗ on the permeable surface is increased
with the FWI increasing. We can conclude that the molecular
interactions between gas molecules and wall atoms have a very
significant impact on the nanochannel flow characteristics, and
ourMD results have significant implications not only in the de-
sign of nanofluidic devices but also in the study of fundamental
nanoscale science.
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