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ABSTRACT

Thermal transpiration flow is a thermally driven flow from a cold part toward a hot part using a temperature gradient along a wall under a
high Knudsen number condition. Many studies have used this type of flow as a pump for microtechnology. The flows adopted in these studies
were, in most cases, in the slip or transitional regime. Accordingly, in this research, thermal transpiration flow through a two-dimensional
channel with nanoscale clearance in the height direction was studied using the molecular dynamics method. The solid atoms composing
the channel walls were explicitly considered. The center part of the nanochannel was controlled as a hot reservoir, whereas both ends of the
nanochannel were kept cold. The temperatures of the channel wall atoms were also controlled based on their positions by linearly interpo-
lating the temperature between the hot and cold reservoirs. Two Knudsen number conditions were adopted by changing the width of the
computational cell. To study the mean velocity distribution inside the nanochannel, these simulations were performed for 10 ns. We success-
fully obtained a mean velocity distribution inside the nanochannel, showing the thermal transpiration flow in the vicinity of the channel wall
using the pressure-driven counterflow at the center in the height direction even under the dense gas condition. The velocity profile across the
nanochannel in the height direction indicated that thermal transpiration flow was induced in the adsorption layer of gas molecules on the
channel wall under the dense gas condition.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0034146

I. INTRODUCTION parts and thus are suitable for the application of miniaturization to
MEMS."*
Research on thermal transpiration flow is important not only

for the development of a gas transport system in the microscale

Gas transport in micro- and nanoscale is important and has
attracted attention to enhance the usage of microelectromechan-

ical systems (MEMS)." In such small scales, the Knudsen num-
ber, which is the ratio of the mean free path of gas molecules
to the characteristic length of a system, becomes large, and the
effect of rarefaction appears in the flow. Several phenomena are
peculiar to a high Knudsen number flow of which thermal tran-
spiration flow is a typical example. Thermal transpiration flow is
induced by a temperature gradient along a wall in a cold to hot
direction.”” This flow is driven only by thermal energy. Based on
this feature, this type of flow has been studied for realizing a ther-
mal molecular pump (e.g., the Knudsen pump and the accom-
modation pump).” ® Such pumps do not have mechanical moving

but also for better understanding the flow characteristics in the
high Knudsen number regime because it represents a basic prob-
lem in a high Knudsen number flow. This phenomenon is based on
gas—surface interaction and a nonisothermal problem; thus, several
factors affect this complicated problem. It has long been investi-
gated both experimentally and numerically. For experimental stud-
ies, thermal transpiration flow is induced in a channel connecting
two chambers with different temperatures, resulting in a pressure
difference between the two chambers. The pressure difference or the
ratio of the final equilibrium state’ "' and the mass flow rate'’ " is

measured. Many numerical studies with various approaches have
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also been conducted to evaluate the pressure difference and flow
rate.' '’ The macroscopic characteristics of a flow have also been
investigated; however, a detailed study on thermal transpiration
flow at the molecular scale is still needed. Furthermore, flows were,
in most study cases, used between the continuum flow and free
molecular flow regimes, where theoretical analysis is difficult to
apply. Since the flow is an inherently molecular motion induced
by a gas-surface interaction, it is interesting to investigate the
behavior of gas molecules, particularly within the vicinity of solid
surfaces.

In this study, the molecular dynamics (MD) simulation is used
to investigate the relationship between the velocity field and num-
ber density distribution inside thermal transpiration flow. Since
molecules adsorb to and migrate on a surface, the flow structure
will be affected by the existence of channel wall atoms, which
has not been considered in previous studies.”””' The flow inside a
nanochannel with a temperature gradient along the channel wall
is studied here by explicitly considering the solid atoms of the
channel wall to study the behavior of gas molecules near the wall
surface.

Il. MD SIMULATION

To investigate the thermal transpiration flow in a chan-
nel induced by a temperature gradient along a channel wall,
a gaseous flow in a nanochannel was simulated using the MD
method. The flow through a nanochannel was modeled using
the two-dimensional (2D) flow between infinite parallel plates
with nanometer-scale clearance. To study the behavior of gas
molecules around the wall surface with thermal fluctuations, the
solid atoms comprising the channel walls were explicitly considered.
The peachgk_md (v.2.141) in-house simulation package was used
for which we implemented several additional procedures to simulate
thermal transpiration flow. The velocity Verlet algorithm was used
for time integration using a time step of 1 fs. To reduce statistical
uncertainty, we performed the simulation for 11 x 10° steps, i.e., 11
ns. The data of the initial 10° steps (1 ns) were discarded to sample
under steady-state conditions of 107 steps (10 ns).

Argon was used as a gas species and platinum as the solid
material of the channel wall. The channel surface had a (111) sur-
face and was modeled as atomically flat and clean. For the poten-
tial models between atoms, the Lennard-Jones (12-6) potential was
applied using the parameters ¢ = 0.247 nm and ¢ = 31.36 kJ/mol
for Pt-Pt interaction, ¢ = 0.340 nm and ¢ = 0.996 kJ/mol for
Ar-Ar interaction, and ¢ = 0.294 nm and ¢ = 0.658 kJ/mol for

ARTICLE scitation.org/journal/phf

Ar-Pt interaction.”” The Ar and Pt masses were m = 39.95 amu and
195.1 amu, respectively.

Periodic boundary conditions were applied in all x, y, and z
directions. The schematic of the computational cell is shown in
Fig. 1. The length of the channel was L = 55.4 nm. The channel walls
were explicitly modeled by three layers comprised of the outermost
fixed, the middle temperature controlled, and the innermost free
moving atomic layers. For the channel height, the distance between
the innermost atomic layers of the channel walls in contact with gas
molecules was H = 3 nm, and a vacuum layer with s, = 10 nm was
prepared outside of the channel to avoid interaction in the height
direction. The width of the computational cell W was varied to con-
trol the number of gas molecules N to realize similar statistical errors
with different Knudsen number Kn conditions, which was inversely
proportional to rarefaction parameter §. We chose two conditions,
i.e, W =202 nm (case A) and 50.4 nm (case B). Each top and bot-
tom channel wall comprised three layers of 16 800 and 42 000 solid
atoms per layer for cases A and B, respectively. We used 21 950 gas
molecules for case A and 18 275 for case B. The Knudsen number Kn
is defined by the ratio of the mean free path A to the channel height
H. If we assume gas molecules as hard spheres having a diameter of
Lennard-Jones potential parameter o,

WL

A
Kn=‘ =2~
H /27N¢?

(1

where the channel volume was evaluated using only the geometri-
cal shape of the void space between the two innermost layers of the
parallel walls, neglecting the region where gas molecules could not
be reached because of excluding volume interaction from the wall
atoms. The calculated Kn values were 0.099 for case A and 0.30 for
case B. The rarefaction parameter & is defined via equivalent free
path [ as follows:”

H
6—7—

Hp  NvmkT @)
— =

#\/— V2uwL’

where p, y, k, T, and m are the pressure, viscosity coefficient, Boltz-
mann constant, temperature, and mass of gas molecules, respec-
tively; pressure p is estimated using the equation of state for an ideal
gas. Since there is a temperature distribution, mean temperature
T = 300 K was used to roughly estimate the mean condition. The
rarefaction parameter § values were 10 for case A and 3.4 for case B.
Increasing Kn or decreasing & by retaining N was difficult for case B

FIG. 1. A schematic of the computational cell with the
temperature-controlled areas, where L, W, and H denote
the channel length, width, and height, respectively. hy
denotes the height of the vacuum layer.
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because we required a large number of solid atoms with an increase
in W. The mean molecular spacing under these simulated conditions
was calculated as 0.53 nm for case A and 0.77 nm for case B. The
simulated flows inside the nanochannel were under the dense gas
condition.

To induce thermal transpiration flow, a temperature gradient
was applied to the channel wall along the longitudinal direction by
controlling the temperatures of the wall atoms and gas molecules
in specific areas. A schematic of the temperature-controlled areas
is shown in Fig. 1, visualized using Visual Molecular Dynamics
(ver. 1.9.3).” Since the periodic boundary condition was applied
to the longitudinal direction, both ends of the channel were set to
the cold temperature, Tc = 250 K, as the cold area, with a length of
0.05L, and the center had a hot temperature, Ty = 350 K, as the hot
area, with a length of 0.1L. The temperatures of these areas were con-
trolled using a Langevin thermostat throughout the simulation time.
At the channel wall, the temperature of the solid atom was controlled
depending on its position. The temperature condition was linearly
interpolated between the cold and hot areas. The channel wall was
modeled by three atomic layers: the outermost layer, which was far-
thest from the gas molecules, was fixed to retain the channel position
throughout the simulation; the atoms of the middle layer were con-
trolled using the velocity scaling method at a temperature condition
based on their position; and the innermost layer, which interacted
with gas molecules, moved freely without any control. Accordingly,
there were two face-to-face flows directed toward the center of the
nanochannel in the simulation. To sample the data for the thermal
transpiration flow, the sampling area of the 0.1L length was set at the
center part of each flow, i.e., the 1/4L and 3/4L points from the left
end.

The initial positions of the gas molecules are typically dis-
tributed in a channel randomly, as in the literature.”'® However,
there was a temperature distribution in the flow field in this study,
and the uniform molecular distribution, i.e., the number density
n = constant, led to the pressure distribution, which can be under-
stood from the equation of state for an ideal gas, i.e., p = nkT, where
the pressure and the Boltzmann constant were expressed as p and
k, respectively. The initial pressure distribution induced a pressure-
driven flow inside the nanochannel. Even though an early stage of
the simulation was discarded to investigate the steady state of the
thermal transpiration flow, the pressure-driven flow could last for a

y (m)

x (m)

(a)

» (m)
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long period and can affect the flow properties. To prevent the ini-
tial pressure distribution, we created a nonuniform number density
distribution. Initially, gas molecules were randomly dispersed in the
flow field so that the number of gas molecules was inversely propor-
tional to the temperature, depending on the wall temperature at its
x-position using the rejection sampling method.

Ill. RESULTS AND DISCUSSION

A. Boundary and initial conditions

Before conducting detailed analyses on thermal transpiration
flow inside a microchannel, we first verified our initial and boundary
conditions because they were unique settings.

We first checked the temperature distribution of the wall atoms,
which is a boundary condition at the microchannel wall. As men-
tioned in Sec. 11, the temperature control was applied to the middle
layers of the wall atoms throughout the simulation, whereas the out-
ermost layers of the solid walls were fixed. As such, it was important
to check the temperature distribution of the innermost layers of the
wall atoms, which directly acted as a boundary condition. The tem-
perature distributions of the wall atoms are shown in Fig. 2 by divid-
ing wall atoms into 20 segments in the longitudinal direction as the
sampling areas. We sampled the data for 10 ns with gas molecules
inside the channel. Symmetrical temperature gradients are present
along the wall in the longitudinal direction. The profiles of the upper
and lower walls are also symmetrical. The temperature of the inner-
most layers is slightly lower than that of the temperature-controlled
middle layers, but both temperatures are nonetheless similar. There-
fore, we confirmed the temperature gradient along the channel wall
according to our expectations.

Next, we checked the effectiveness of the initial nonuniform
distribution of gas molecules. The temperature and density distri-
butions were calculated using the data of the initial 10000 steps
to reduce statistical scattering and to obtain meaningful data. We
also calculated the product of number density and temperature, i.e.,
nT, which would be proportional to pressure, based on the equation
of state for an ideal gas. Our concept was to reduce the pressure dis-
tribution inside the field with temperature distribution. To check the
effect of the initial condition, we also plotted this “effective” pressure

FIG. 2. The temperature distribution of the wall atoms for (a) case A and (b) case B. The vertical axis is enlarged five times compared with the horizontal axis because of the

small height-to-length ratio of the channel.
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distribution. The effective pressure was normalized by its mean value
to clearly show the distribution. The inside of the microchannel was
divided by almost 0.5 nm square meshes to obtain the distribu-
tion. The temperature, relative number density, and relative effec-
tive pressure distributions are shown in Fig. 3. Figure 3(A) shows
the temperature in a convex shape in the longitudinal direction as
expected. The distribution has an hourglass shape for the x-y plot,

which is consistent with the temperature of the wall atoms in Fig. 2.
The number density is almost inversely proportional to the temper-
ature distribution in Fig. 3(B). The number density appeared to be
small in the vicinity of the walls because of the region where gas
molecules suffered a repulsive force from the wall atoms. If the ini-
tial positions of the gas molecules are randomly distributed in the
microchannel without considering the temperature distribution, the
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FIG. 3. Distributions inside the nanochannel based on initial conditions for (a) case A and (b) case B: (A) temperature, (B) relative number density normalized by the mean,

and (C) relative effective pressure normalized by the mean. The cross-sectional averaged profiles of these three properties are plotted in (D).
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effective pressure distribution will be similar to the temperature dis-
tribution because it is a product of uniform number density and
temperature. It is shown that the uniformity of effective pressure is
better in Fig. 3(C). These distributions are averaged over the cross-
sectional area to see their one-dimensional profiles in the longitu-
dinal direction, as in Fig. 3(D). The number density profile clearly
shows the opposite tendency to the temperature profile, resulting in
the almost flat profile of the effective pressure. Thus, the initial dis-
tribution was considered to not be significantly different from the
steady-state conditions, reducing the number of steps in the initial
preparation phase.

B. Mean velocity distribution and profile
across the microchannel

The mean velocity vector distribution inside the microchannel,
which is difficult to measure in experiments, is shown in Fig. 4. Even
though we sampled for 10 ns with 1 fs time steps using approxi-
mately 20 000 molecules, scattering of velocity vectors occurred in
terms of size and direction. To gain an idea of the thermal transpi-
ration flow, the temperature distribution was also plotted in color
contour lines in the range of 250 K-350 K. As explained in Sec. IIT A,
the temperature of the wall was slightly lower than expected. For
both rarefaction cases, there were flows in the direction from cold
to hot in the vicinity of the walls, i.e., thermal transpiration flow,
even under the dense gas condition. Meanwhile, there were counter
flows from hot to cold at the center part in the height direction of the
microchannel to compensate for thermal transpiration flows near
the walls. This flow may be a pressure-driven counterflow, indicating

ARTICLE scitation.org/journal/phf

parabolic profiles. Despite using atomically flat and clean surfaces as
channel walls, we observed strong thermal transpiration flows. To
check the mass balance of the flows in the nanochannel, the prod-
uct of the number density and x-component velocity is shown in
Fig. 5. It is easily observed that the flow field is mirror symmetric.
There are mass flows with large absolute values only in the vicinity
of the walls and with the opposite sign with a small absolute value
across most part of the nanochannel. The cross-sectional averaged
values are almost zero over the entire longitudinal direction of the
nanochannel, and the deviations from zero were less than 0.8% of
the maximum value.

To observe the profiles in detail, we sampled the velocity and
number density profiles in the entirety of two sampling areas shown
in Fig. 1. Since the flow field is symmetrical across x = 0.5L in the lon-
gitudinal (x) direction, the data in the left sampling area are reversed
and analyzed together with the data in the right sampling area. The
profiles of the x-component of the velocity across the microchannel
for cases A and B are plotted using solid lines with markers in Fig. 6.
To compare the profiles for the different rarefaction conditions of
cases A and B, the velocity was normalized by the positive maximum
value vx max, which was 2.1 m/s for case A and 2.6 m/s for case B. To
relate the velocity profile to the flow structure inside the normalized
by the maximum number density value nmax, which was 7.3 nm~>
for case A and 8.5 nm™ for case B, is plotted using broken lines. In
Fig. 6, two peaks of the layered structure in the vicinity of the walls
are observed from the number density profiles, which is similar to
the density profile in the numerical study of dense gases.”"”® The
z-positions of these layers are independent of the Knudsen number
conditions, indicating that they are adsorption layers based on the

z (m)

350

300
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200

FIG. 4. Velocity vector plots with the temperature distribu-
tion shown in the contour lines for two cases with different

z (m)

rarefactions: (a) case A and (b) case B.

350
300
250

200

Phys. Fluids 33, 012005 (2021); doi: 10.1063/5.0034146
Published under license by AIP Publishing

33, 012005-5


https://scitation.org/journal/phf

Physics of Fluids

4x10°
3k - = = = = - == om = -
E o}
N
i+ il -
0 | | | | |
0 10 20 30 40 50000
x (m)
(a)

ARTICLE

scitation.org/journal/phf

4x10°
N T 1.0
05
o b 0.0
0.5
1N Casasiams smcalni 1.0
0 | | | | |
0 10 20 30 40 50400
x (m)
(b)

FIG. 5. The distribution of the product of number density and x-component of the velocity normalized by the maximum value for (a) case A and (b) case B.

interaction between the gas and surface. Gas molecules easily adsorb
on a clean flat surface. These adsorption layers might be coming
from the dense gas condition. The formation of the second adsorp-
tion layer can be observed in case A, which seems to be due to a high
number density. For the velocity profiles, interestingly, the negative
velocity, which is the thermal transpiration flow, appears near the
wall, where the relative number density is large. The thermal tran-
spiration flow appears to be induced inside the adsorption layers
under the dense gas condition. Because the initial pressure distribu-
tion was very small, the thermal transpiration flow was not the result
of the mass balance coming from the pressure driven flow, but it was
considered to be induced by the temperature gradient.

z (nm)

vx/vx,max

FIG. 6. Profiles of the x-component of velocity across the nanochannel averaged in
two sampling areas compared between two cases with different rarefactions (case
A'in blue and case B in red). The number density profiles are also plotted.

C. Molecular motions near the channel wall

To check the characteristics of the two peaks of the number
density profiles, the survival probability P;”” was calculated. This
probability was calculated using a ratio of a time-dependent num-
ber of molecules continuously existing in a certain region N(t) to its
initial value N(0) as follows:

_ N

= N(0)’ ®)

N

Equation (3) represents the mobility of the molecules migrating
between regions. Here, we divided the microchannel into eight slabs
with a thickness of 0.34 nm in the height (z) direction. The slabs were
the first and second adsorption layers on both top and bottom chan-
nel walls, and the bulk region was divided into four slabs. Because
the four bulk regions produced similar results, the survival proba-
bilities for the first and second adsorption layers and a bulk region
are plotted in Fig. 7 using solid lines for case A and broken lines for
case B. It is shown that the relaxation time of the survival probabili-
ties in the first adsorption layers is larger than those in other regions.
This result also indicates that gas molecules adsorbed and created a
layer on the channel wall surfaces. For the smaller Knudsen number
of case A, we can distinguish the second adsorption layer from the
bulk, but it is quite difficult to recognize this for case B. The area of

1
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FIG. 7. The survival probabilities of gas molecules in the first (black) and second
(red) adsorption layers; a bulk region (green) is plotted for cases A (solid lines) and
B (dashed lines).
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FIG. 8. Typical examples of gas molecular trajectories for (a) case A and (b) case B. The color of the trajectories becomes darker as time progresses. Blue trajectories are
the molecules that are trapped for an extended time (36.4 ps and 31.2 ps for case A and 58.4 ps and 47.1 ps for case B) in the adsorption layer, and red trajectories are
the molecules that remain for an extended time (22.4 ps and 19.5 ps for case A and 19.4 ps and 17.7 ps for case B) in the bulk region. The broken and dotted lines are the

boundaries of the first and second adsorption layers.

the thermal transpiration flow in the velocity profile is larger for case
A than case B (see Fig. 6), which is consistent with the existence of
the second adsorption layer. According to the survival probability,
the thermal transpiration flow is mainly induced in the adsorption
layers.

To understand the thermal transpiration flow inside the
adsorption layers, the trajectories of the gas molecules were inves-
tigated. The trajectory of the gas molecules that remained for an
extended period in the adsorption layer was compared with those
in the bulk. Typical examples of the trajectories of the gas molecules
are shown in Fig. 8. Blue trajectories represent the molecules that
are trapped for an extended period (36.4 ps and 31.2 ps for case A
and 58.4 ps and 47.1 ps for case B) in the first adsorption layers, and
red trajectories represent the molecules that remained in the bulk for
an extended time without entering the first adsorption layer (22.4 ps
and 19.5 ps for case A and 19.4 ps and 17.7 ps for case B). The posi-
tion of the first adsorption layer was also plotted. As shown in Fig. 8,
gas molecules traveled quite a long distance without collisions for the
higher Kn condition of case B. For blue trajectories, gas molecules
were trapped by the surface atoms, and they bounded and migrated
on the surface. However, some molecules moved from the end to the
center, i.e., from the cold to hot part, but some molecules moved in
the opposite direction. There appeared no specific motions in any of
the gas molecules for inducing the thermal transpiration flow. Gas
molecules randomly migrated. Nonetheless, there would be a shift
of the mean value in a specific direction based on the velocity dis-
tribution function, resulting in the thermal transpiration flow. This
statistical feature is only the result of observing a vast number of gas
molecules, however, and may be difficult to observe from a single
molecular motion.

IV. CONCLUSION

Thermal transpiration flow through a 2D nanochannel was
studied using MD simulation to investigate the flow structure. The
nanochannel was simulated with the periodic boundary condition
in all directions. Its temperature was controlled so that it was hot
at the center and cold at both ends. The solid atoms of the chan-
nel wall were also controlled based on their positions by linearly

interpolating the temperature between the hot and cold temperature-
controlled regions. By changing the width of the computational
cell, two Knudsen number conditions, Kn = 0.099 and 0.30, were
examined while keeping the number of gas molecules approxi-
mately the same. To obtain the velocity vector distribution inside
the nanochannel, simulations were carried out for 10 ns with a time
step of 1 fs to reduce the statistical error. We successfully obtained
the mean velocity distribution inside the nanochannel, showing the
thermal transpiration flow in the vicinity of the channel wall with
a pressure-driven counterflow at the center in the height direction
even under the dense gas condition. The velocity profile across the
nanochannel in the height direction was investigated using the num-
ber density profile. The number density profile indicated that there
were adsorption layers on the channel wall, which was also ver-
ified from the survival probabilities of gas molecules in the slabs
located in the height direction. There were two adsorption layers
for the low Knudsen number condition and one for the high Knud-
sen number condition. The comparison of the two profiles suggested
that thermal transpiration flow had been induced in the adsorp-
tion layer for both Knudsen number conditions under the dense gas
condition.
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