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ABSTRACT

A three-dimensional molecular dynamics simulation of a rarefied gas flow confined between two parallel
solid walls has been carried out to study the gas transport behavior in nanoscale pressure-driven flows. To
simulate the effects of pressure-driven flows in nanoscale systems; a reservoir is created at the beginning
of the channel. A force, in the form of gravity, is applied to every gas molecule occupying a specific re-
gion in the reservoir thereby facilitating to establish a streamwise inhomogeneous flow in a finite length
nanochannel. Further, the model is tested for its structural stability and steady-state characteristics. The
flow characteristics are evaluated at various bins (A, B, C, and D) along the length of the channel. The
presence of a pressure drop established along the length of the channel results in a significant variation
of flow properties in the channel. The characteristics of the system are further studied using the spatial
distribution of flow properties. To investigate the streamwise variation, thermal accommodation coeffi-
cients (TACs) at various sections of the channel are calculated. The results indicate that the TACs vary
along the length. Further, the effect of pressure drop on TACs is also analysed. The effect of confinement
is also studied with velocity autocorrelation function (VACF) and mean squared displacement (MSD). The
effect of confinement is evident in the fluid region away from the wall too.

© 2021 Published by Elsevier Ltd.

1. Introduction

Gas flows through micro/nanoscale channels is an important
consideration in the design of MEMS/NEMS sensors and devices,
miniaturised heat exchangers for electronics cooling, gas filtra-
tion/separation technologies, extraction of shale gas, etc. The flow
through micro/nanochannels has been studied extensively in the
recent past to characterize the gas flow at smaller dimensions.
As the size of the channel decreases, the characteristic dimension
of the system is of the order to the mean free path of the gas.
Consequently, the flow characteristics deviate severely from the
macroscale continuum behavior of the gas flows [1,2].

Knudsen number (Kn = A/H) is used to categorize the flow
regimes based on the characteristic dimension H and the mean
free path A of the system. The gas flows at nanoscale mainly
fall into the slip and the transition regime [1]. In such gas flow
regimes, the collisions between gas and wall dominate over inter-
molecular gas collisions. This leads to the breakdown of the contin-
uum assumption in these flow regimes and it demands a molecular
level analysis[1].
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The analysis of microscopic kinetics of the gas and surface
molecules will give a better insight into the heat transfer phe-
nomenon in nanoscale gas flows [3-5]. The fluid-solid interface
characteristics such as velocity slip and temperature jump is cru-
cial in small scale channel flows [6]. The information regarding the
thermal accommodation coefficient (TAC) is inevitable for calculat-
ing heat transfer at the interface and the resulting flow properties.
The idea of TAC was first introduced by Maxwell and later clearly
defined by Knudsen in his work on the kinetic theory of gases. The
TAC is the measure of energy interactions between the gas and the
solid surface when the gas-particle undergoes a collision with the
surface. TAC is defined as,

_|Ei—Eo
aE_<EI—ET>’ M

where E is the energy of the gas atom that interacts with the sur-
face. The subscript I denotes incident molecules, O denotes reflect-
ing molecules, and T denotes the thermal wall condition. The an-
gled bracket (..) denotes the ensemble average.

TAC in nanoscale gas transport problems has been studied using
experimental and computational methods. Molecular beam experi-
ments have been widely employed to measure energy accommoda-
tion coefficients [7,8]. Recently, an optical method is demonstrated
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Fig. 1. The schematic representation of the simulation domain (The schematic is not drawn to scale). The left extreme portion is the reservoir and the rest of the domain is
the channel section. Positive x-direction is taken as the flow direction. The channel length is divided into different bins (A,B,C, and D) for the convenience of analysis. The
picture of actual simulation domain in MD is shown below the schematic representation.

to measure the TAC relating to the variation of thermal conduc-
tivity [9]. Attempt to evaluate TAC from interactions of a binary
gas mixture by measuring the conductive heat flux is also reported
[10].

Numerical techniques, which model the heat transfer in mi-
cro/nanosystems, employ TAC as the phenomenological param-
eter to analyze flow characteristics such as temperature jump
at the boundary [11,12]. For instance, Lattice Boltzmann method
(LBM) [13] and the direct simulation Monte Carlo (DSMC) method
[14,15] are widely used numerical techniques for analyzing mi-
cro/nanoflow characteristics. These techniques employ various
scattering models such as the Cercignani-Lampis (CL) to model the
gas-surface interactions [11,16]. The accuracy of these models pre-
dominately relies upon accommodation coefficients (AC). The CL
model uses two ACs, while some other scattering models use even
more number of ACs when the complexity increases [17].

The advancement in computer hardware helped the research
community to employ atomistic modeling of micro/ nanoscale sys-
tems using molecular dynamics (MD) simulations. In MD simula-
tions, properties are calculated by averaging the properties of the
individual atoms or molecules and their interactions. Therefore, it
makes MD a suitable choice to investigate flow properties such as
TAC. The momentum and energy accommodation coefficients for
a stagnant monatomic gas confined between two parallel plates
have been reported by considering the individual gas collision data
generated from MD [18,19]. The accommodation coefficients of the
Poiseullie flow through nanochannels have also been studied from
the individual collision data, and the effect of Knudsen number on
ACs have been explored [20,21]. Further, the dependence of molar
proportions on TAC for a binary gas mixture is also reported [22].
Parametric studies on TAC reveal that it is influenced by many fac-
tors such as gas/solid materials, surface roughness, and wall tem-
perature [21,23-27]. The MD studies also reveal that the ACs are
dependent on interaction parameters (interaction strength, molec-
ular mass, the molecular size of the gas) [5,28]. However, the vari-
ation of TACs along the length of the channel and its influence on
a pressure-driven flow are yet to be investigated.

The mean-squared displacement (MSD) and velocity autocor-
relation function (VACF) are useful tools that can be used with
the data obtained from MD to analyze the transport mechanism
at molecular scale [29,30]. MD simulations have enabled the self-
diffusion properties analyzed for a liquid-gas or liquid-solid in-
terface[31]. Einstein’s equation can be effectively used to deter-
mine the surface diffusion coefficients of gas molecules on a solid
surface[32]. Knudsen diffusion is highly relevant where the mean
free path is significantly larger than the characteristic dimension
[33,34]. The confinement of gas in a nanochannel is found to
have an influence on the MSD and VACF characteristics signifi-
cantly [30,35]. Moreover, in nanochannel flows, the flow conditions
can vary from high pressure to low pressure. Subsequently, the
transport mechanisms also change in accordance with the pressure
changes and the resulting rarefaction levels [36].

In most of the studies employing MD, infinite length channel
with a zero pressure drop in the streamwise direction was consid-
ered. In such studies it is not possible to analyse the streamwise
variations of the flow characteristics as in a pressure-driven flow.
On the otherhand, modeling and simulation of pressure-driven gas
flows are more challenging, especially when the channel length is
larger when compared to the characteristic dimension. (For exam-
ple, due consideration should be given to the structural integrity of
the simulation model, the presence of unbalanced forces, relatively
higher kinetic energy of the gas molecules, the higher pressure
gradients, etc.). Further, the flows through nanochannels exhibit
a streamwise inhomogeneity, and rarefaction levels of the stream
will increase along the downstream. The gravity/force driven meth-
ods are widely used due to its simplicity [20,21,36], but it is not
recommended for the study of pressure drop in long channels. In
the dual control volume method (popularly known as DCV-GCMD),
Monte Carlo (MC) techniques are used to maintain the number of
particles inside the reservoirs and, the movements of molecules are
obtained by employing the MD [37]. Reflecting Particle Membrane
(RPM) is another method used to model the pressure-driven flows
in nanoscale conduits [38-40]. A modified form of external gravity-
driven flow to induce a pressure gradient in the channel is also
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Fig. 2. (a) A single gas molecule (red points) is tracked for a finite number of time-steps. The horizontal lines (black) represent the solid wall. The horizontal dotted lines
represent the boundary of the reservoir. The effect of confinement is visible in the trajectory of the randomly selected gas molecule. (b) The number of gas atoms with
respect to time at various locations of the channel is shown. This is for a pressure drop of 0.55. The inset shows the number of gas atoms in bin C, and it is stable for all
three values of pressure drop. (c) Normalized values of pressure drop at different length sections is shown. The pressure drop in each bin is normalized with the respective
reservoir pressure, Py. A linear relationship between AP and normalized length is observed. Inset shows the pressure drop in bin C for different total pressure drops. The

pressure drop is found stable throughout the simulation period.

used for this purpose [41,42]. In this approach, an external gravity
is applied only to a small portion of the reservoir, and the channel
portion is completely kept undisturbed. In the present study, we
employ this method to generate a pressure drop along the chan-
nel.

The main objective of this study is to understand the effect of
pressure drop and the varying rarefaction in the channel on the
gas transport and the thermal accommodation coefficients along
the length. In this work, we have used the molecular dynamics
method to study the flow characteristics of pressure-driven flow.
MD simulations have been performed using LAMMPS package [43].
A detailed analysis of the stability of the simulation model and
the variation of relevant properties have been discussed in detail.
The key feature of this study is the calculation of thermal accom-
modation coefficients by tracking the individual collisions and its

variation along the length of the channel. Further, the influence
of pressure drop on thermal accommodation coefficients has been
discussed in detail. The microscale flow characteristics are further
explored with MSD and VACF. It is observed that the thermal ac-
commodation properties are varying with pressure drop, and con-
sequently, the properties associated with it are also affected.

This paper is organized as follows. The computational details
of the system are described in section II; section Il presents re-
sults and discussion. Section IV represents the conclusion. The re-
sults are further subdivided into different parts. The structural and
steady-state characteristics of the system are discussed in the first
part of the results and discussion. The variation of relevant physical
properties is given in the next section. The accommodation coeffi-
cients are discussed next, and finally, the MSD and VACF charac-
teristics are discussed.
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Fig. 3. The variation of number density is shown in a 2D plane (xy). The density
near the wall region shows a higher value when compared to the bulk flow region.
A decrease in density along the length can also be observed.

2. Details of simulation model

A three-dimensional Poiseuille flow of a rarefied gas (Argon)
between two parallel walls (Platinum) is studied. LAMMPS is used
for modeling and simulation of the system considered [43]. The
wall atoms are arranged in the FCC structure with a lattice con-
stant of 0.392 nm. The gas atoms are initially configured randomly
in between the parallel walls. The average Knudsen number in all
the bins for every test case is calculated, and its range is found
between 0.20 to 0.60. This indicates that the flow is in the transi-
tion regime. The dimensions of the simulation domain are chosen
to be 50 x (6 + 2W) x 10 nm, where W is the thickness of the wall
(Fig. 1 [44]). The flow direction is in the positive x-direction, and
the characteristic dimension H is in the y-direction.

The interactions between the molecules in the system are mod-
eled using Lennard-Jones (L]) pairwise potential field, which is de-
fined as,

NN
Uij(rij) = 4€i; (ru) - (ru> : (2)
ij ij

where rj;, &; and oj; is the distance between two particles, inter-
action strength, and LJ length parameter, respectively. The values
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Table 1

LJ Parameters used for the simulation.
Interactions e (eV) o (nm) o (nm)
Ar-Ar 0.01029  0.341 0.6175
Ar-Pt 0.00682  0.294 0.8513
Pt-Pt 032501  0.247 0.7343

of the 1] parameters are given in Table 1 [18,22]. To initialize the
simulation, the gas atoms are assigned with an initial velocity cor-
responding to the bulk temperature. A truncated L] potential field
is employed with cutoff distance o, equal to 2.5 o. The selection
of o. depends on the potential field strength & and the rarefaction
level of the flow. The MD movements of the particles are calcu-
lated by integrating the equation of motion using a Velocity-Verlet
algorithm. The selection of time step for the integration in MD is
a pivotal parameter which influences the solution accuracy, stabil-
ity of the model and the computational cost. The time step chosen
in the present study is 1 fs [45]. The temperature of the wall is
maintained at 400 K using a Berendsen thermostat [46].

In the present model, the total length of the simulation domain
is divided into two regions: i) a reservoir region and ii) a channel
region of length L = 40 nm. To establish a pressure gradient along
the channel, an external gravity is applied only to the gas atoms
at the entry of the reservoir region. The gas particles present in
the remaining part of the reservoir and the channel region is not
subjected to any external force. Hence, it can be asserted that the
flow in the channel is completely kept undisturbed by the external
force, and the flow develops as a result of the pressure drop de-
veloped in the channel. This arrangement satisfies the requirement
for the condition of a streamwise inhomogeneous flow.

3. Results and discussion

To facilitate the analysis, the channel length L is subdivided into
four bins viz. A, B, C, and D (Fig. 1). This helps to analyze the char-
acteristics at various locations of the channel as the flow proceeds
downstream. The system is equilibrated for 4 ns before collecting
the MD data for calculating flow properties. The system is tested
for its structural and thermodynamic stability.
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Fig. 4. The variation of absolute velocity is portrayed in a 2D plane (xy). The velocities have a higher value in the upstream. A gravity is provided to molecules in a specific

region in the middle of the reservoir, which is visible.
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Fig. 5. The variation of temperature in the channel is shown. (a) The specific kinetic energy (KEx T) variation in a 2D plane (xy). A nonhomogeneous distribution along
the length is visible from the figure. Also, a near-wall discontinuity is observed. (b) The variation of temperature against length of the channel is shown. The temperature
is normalised with respective reservoir temperature Ty. (c¢) Temperature profile across the channel in different sections for half of the channel is shown. Temperature is
normalised with the maximum temperature in the respective bin. Temperature discontinuity at the wall is also visible.

3.1. Stability and steady-state

While simulating the flow of gas in relatively longer channels
for a longer duration of time, the structural stability of the simu-
lation domain is an important requirement. To this end, we have
followed certain procedures to build a stable simulation model.

3.1.1. Trajectory

Following the method described in our previous study [42],
the structural integrity of the system is studied by considering
the trajectory of a single molecule over a simulation period from
both fluid and solid (Fig. 2 (a)). From the trajectory of the fluid
molecule, the effect of confinement is visible, and the solid wall is
capable of maintaining structural integrity. A, B, C, and D indicate
the positions of the bins. The system must reach a steady-state be-
fore it is being considered to analyze the flow characteristics.

3.1.2. Steady-state
To examine this, the average number of particles in all the four
bins is plotted against time (Fig 2 (b)). From the figure, it can be

observed that the number of particles in each bin remains con-
stant (with acceptable statistical fluctuations) throughout the sim-
ulation period. Further, the average number of particles in a bin
(bin C) is plotted against the time for all the three pressure drops
(Fig. 2 (b) inset). Likewise, in the previous case, the central ten-
dency of the number of particles in bin C for all three pressure
drops is also constant. Therefore, it can be concluded that the sys-
tem has attained a steady-state for all the values of pressure drop
considered for the study. The temperature at various locations in
the simulation domain is also tracked to verify the steady-state
conditions.

3.1.3. Pressure drop

The pressure drop at various sections along the length is plot-
ted in Fig. 2 (c). The pressure drop at each bin is normalized with
the reservoir pressure and calculated as AP, = (Py — P,)/Py, where
P, is the pressure at the respective bins of the channel, and Py is
the pressure at the reservoir. Further, to investigate the effect of
pressure drop on flow properties, three cases with different val-
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ues of total pressure drop along the channel are considered. These
cases are identified as AP, = 0.45 4+ 0.06, AP, = 0.55 + 0.06 and
AP; = 0.60 + 0.06 throughout the discussions (Fig. 2 (c)). It can
be seen that pressure drop is varying linearly with the normalized
length.

It is visible from Fig. 2 (c) that the flow gets rarefied in a fi-
nite length nanochannel as the flow proceeds downstream. Con-
sequently, a higher slope in the curve is observed with AP;. The
inset shows the pressure drop in bin C of the channel for all the
three pressure drops (AP;, AP,, and AP;) for a finite duration of
the simulation. The average pressure drop is constant throughout
the simulation time. These results indicate the thermodynamic sta-
bility of the model.

3.2. Spatial distributions

Gas flows through nanoscale systems possess peculiar charac-
teristics such as density accumulation near the solid boundary, ve-
locity slip, temperature jump, variation of density in the flow di-
rection, etc. This necessitates a more involved analysis of such flow
systems. In this study, the gas flow characteristics are verified and
analyzed through the spatial distribution of crucial properties.

3.2.1. Density

The distribution of density indicates the non-homogeneous na-
ture of nanoscale flows in a pressure-driven flow. The near-wall
accumulation of gas molecules is visible in the density distribution
(Fig. 3). From the color pattern, it can be observed that there is
density accumulation near the wall [when compared to the bulk
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Fig. 8. Thermal accommodation coefficients at different sections are shown. Three cases of pressure drops in the channel are considered. The sub-figures a, b, ¢ represents
TAC components in X, y, z directions respectively. The total thermal accommodation coefficient is also shown in sub-figure d.

flow region] throughout the channel. This is one of the important
characteristics of the rarefied flows. A decrease in density is seen
downstream as the flow gets more rarefied with respect to the
pressure drop. The effect of the periodic boundary is also visible
in the channel exit region.

3.2.2. Velocity

The spatial variation of the absolute velocity over the simula-
tion domain is shown in Fig. 4. Each point in the 2D space gives
a qualitative and quantitative assessment of velocity and, conse-
quently, momentum. From the color pattern, it can be observed
that at a given cross-section of the flow, the velocity is maximum
at the middle portion and is minimum at the boundary/wall re-
gion, but not zero. This clearly indicates the validity of the slip
condition. The velocity is very low in the wall region that is ex-

posed to the reservoir. The gravity is made effective in a specific
region in the reservoir, which is also visible from the color pattern.
A detailed study of velocity profiles and momentum accommoda-
tion has already been reported in our previous study [42].

3.2.3. Temperature

The temperature of an ideal monatomic gas is proportional to
its kinetic energy. Therefore, the spatial variation of KE is similar
to the spatial variation of temperature. To visualize the same, the
specific KE (KEx T) is plotted as a 2D heatmap over the simulation
domain (Fig. 5 (a)). From the figure, it can be observed that there
is a non-homogeneous distribution at the beginning of the channel
and nonhomogeneity decreases as the flow proceed downstream.
The effect due to periodic boundary conditions is also visible in
the exit region.
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When the channel is subjected to a pressure drop, the ex-
pansion of the gas will occur along the flow direction. Conse-
quently, the temperature is expected to drop in the channel along
the length. To examine this characteristic of pressure-driven flows,
the average temperature at each bin is plotted, as shown in
Fig. 5 (b). The rate of temperature drop is observed to increase as
the pressure drop increases in the early stages of the flow. Please
note that the temperature drop is insignificant further down the
stream.

Further, to examine the discontinuity (also called temperature
jump) in the gas-surface interface, the temperature profile across
the flow direction y is calculated, and the temperature is nor-
malized with the maximum temperature Tnax at each bin (Fig. 5
(c)). The left extreme points represent the wall temperature that
is normalized with the corresponding Tmax. This discontinuity in
the temperature profile near the wall is a well-known behavior
of the rarefied flows. Further, it can be noted that the disconti-
nuity becomes larger as the flow proceeds downstream. In down-
stream, as the flow gets rarefied, there is a subsequent reduction
in the average number of gas-wall collisions, which in turn influ-
ences the discontinuity. In addition to this, the temperature pro-
file is showing deviation from the basic parabolic nature across
the channel. This variation of properties near the wall region will
have an effect on dynamics of the reflected molecules from the
surface.

3.2.4. Velocity/speed distributions

The velocity/speed distributions of gas molecules emanated
from the wall at different locations of the channel have been illus-
trated in Fig. 6. As the solid wall is maintained at a constant tem-
perature, the reflected distributions at different locations would

have taken the same shape on full accommodation. However, from
the figure, it is observed that the reflected distributions are differ-
ent from each other. Further, the distributions are compared with
Maxwell’s distribution for the wall temperature, and it can be pre-
sumed that partial accommodation exists at the nanochannel sur-
face. The signs of partial accommodation are evident from the tem-
perature profiles too. Hence, the thermal accommodation proper-
ties of the flow are investigated in detail in the following sections.

3.3. Thermal accommodation coefficients

The Thermal Accommodation Coefficient (TAC), also called the
energy accommodation coefficient, is considered as an important
parameter to characterize the gas-wall interaction and the heat
transfer at the interface. The calculation of thermal accommoda-
tion coefficients (Eqn. 1) requires the individual collision data of
gas molecules. To this end, the incoming and the outgoing veloc-
ities of gas atoms after every collision with the wall are recorded
[18,47]. To facilitate this, a virtual plane is positioned near the wall
at a distance of 2.5 oy, where op, is the 1] length parameter for
Ar-Pt interactions (Fig. 7). To find the accommodation properties in
a bin, the collisions data in each bin are collected separately.

3.3.1. Thermal accommodation: components

Both the tangential and normal components of TAC are depicted
in Fig. 8 that are calculated from the corresponding energy compo-
nents of the molecules. The TACs in tangential direction decreases
along the length of the channel. This can be evident from the fig-
ure (Fig. 8(a) and (c)). This can be attributed to the decrease in
the pressure, the gas-wall collision frequency, and increase in the
rarefaction levels, etc. A similar trend can be found in the normal



S.K. Prabha, C.PA. Gafoor and S.P. Sathian

International Journal of Heat and Mass Transfer 177 (2021) 121528

0.4
—+— AP;=0.45
—e— AP, =0.55
-+~ AP3=0.60
0.3
N
0.2 4 ™
~.
~.
.
y N S
01- ‘~§\~ ~~~~~~~~~~~
0.0 -
_01 T T T T T T
0.1 0.2 0.3 0.4 0.5 0.6

Pressure Drop

Fig. 10. The average values of TACs for the respective pressure drops are plotted. The average TACs show a linear variation with the smaller pressure drops. As the pressure

drop increases, the variation in average TAC value is minimal.

component of TAC (Fig. 8 (b)). Nevertheless, a slight increase in
TACs towards the downstream is observed in all three directions.
As the difference in temperature of the gas and the wall molecules
increases in the downstream, this behavior can be expected. Fur-
ther, TAC corresponding to the total energy component is also plot-
ted in Fig. 8(d).

3.3.2. Temperature jump

The temperature jump and accommodation property influence
each other. In other words, partial accommodation can cause tem-
perature jump and vice versa. The near-wall temperature can be
obtained by averaging the properties in the bin adjacent to the
wall. As the wall is maintained at a constant temperature, the dif-
ference between the temperature of the wall (T,,) and the temper-
ature of the fluid adjacent to the wall (Ty) gives the amount of dis-
continuity present at the interface. From Fig. 9, it is observed that
the near-wall temperature is one of the influencing factors of TAC.
The TAC increases with a decrease in the discontinuity (Tw — Ty).

3.3.3. Pressure drop

From these results, it is understood that the TAC decreases
down the channel. However, it is interesting to see its variation
with pressure drop, which is one of the measurable characteristics
of the nanoscale system. To this end, the average values of TACs for
a finite length is plotted against the respective pressure drop. (For
example, the total pressure drop in bin B is found as (Py — P3)/P),
and the average value of TAC is calculated by considering the col-
lisions up to including bin B). As seen in Fig. 10, TAC decreases
with an increase in the pressure drop. When the average TAC is
calculated for a longer section, the error bars are showing higher

values. The variation of TAC is almost linear for the lower value of
pressure drop.

3.4. MSD and VACF

The transport coefficients are related to the statistical aver-
ages of the individual molecular motion parameters. The transport
properties under the confinement can be significantly affected by
the choice of the wall models [48]. This has motivated us to study
the microscopic transport behavior with the solid wall modeling.
To study the effect of confinement in the fluid region away from
the wall, MSD and VACF of the fluid in the channel is studied. To
this end, the fluid molecules in this region region (i.e., the region
in between the collision tracking planes on both sides) are ana-
lyzed, and the results are as follows.

3.4.1. MSD

The mean-squared displacement (MSD) will enable the study of
the diffusion behavior of the flow inside the channel. As the flow is
subjected to various pressure drops at different points in the chan-
nel, it is expected to have distinct diffusion characteristics.

The MSD is calculated as,

MSD = ([r;(t) — r;(O)]*), (3)

where r;(t) is the position of the ith particle at time step t and
r;(0) is the reference position of the ith particle. The symbol (.)
denotes the ensemble average.

As the flow proceeds, the pressure and number density are
found to be reduced; consequently, the flow rarefaction increases.
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Fig. 11. Mean squared displacement in three directions at various locations (bins) of the channel((a) A (b) B (c) C (d) D). The directions x and z are parallel to the solid
surface, and y is perpendicular to the solid surface. All the components represents the behavior in the region (where surface potentials are absent). The short-time MSD of
perpendicular direction shows the effect of confinement. The effect due to pressure drop is visible in all cases.

This has multiple effects on the MSD in different directions. There-
fore, it is interesting to study the effect of these parameters on the
MSD.

The MSD is plotted against time in Fig. 11, and it represents the
flow behavior at different sections of the channel. At the begin-
ning of the channel, the curves for x and z directions are similar
in nature as they represent the parallel components. Indeed, the
x component deviates from z as time progresses because the drift
component of motion starts to surface. Please note that the normal
component has a lower value in all the bins, which is attributed to
the confinement effect. As MSD is for the bulk flow region, it is de-
void of the effect due to direct interaction with the wall. However,
the secondary collisions of reflected molecules from the wall have
an influence on the fluid away from the wall. This behavior is visi-
ble throughout the channel length. Further downstream, the slope
of the MSD is increasing, which can be attributed to the higher
rarefaction levels in the downstream of the channel.
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3.4.2. VACF
The VACF reflects the characteristics of the motion of molecules
in gases. The VACF is determined as,

([v; (t) = v;(0)])
([;(0) *v;(0)])”

where v;(t) is the i;, molecule at time t. The velocity at the initial
condition is represented with v;(0). The VACF is normalized with
the initial velocity.

For the initial period, all three VACFs show an exponentially de-
creasing trend (Fig. 12). This is similar to the behavior of the bulk
fluid. A monotonic decay trend is expected for unconfined fluid
[35]. As the flow progresses, the parallel and perpendicular compo-
nents show distinct behavior. The VACF becomes oscillatory, which
is typical to the confined fluids. Apart from that, the following ob-
servation can be made from the figures. Firstly, the best-fit curves
(not shown in the figure) in the y-direction approaches the hori-

VACE, = (4)
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Fig. 12. Normalised velocity auto-correlation function in three directions at various bin of the channel ((a) A (b) B (c¢) C (d) D). The directions x and z are parallel to the
solid surface, and y is perpendicular to the solid surface. All the VACF components are normalised with the initial values. All the components represents the behavior in the
fluid region away from the wall. The VACF in the perpendicular direction shows the effect of confinement.

zontal axis at a faster rate in all the bins. This effect is attributed
to the presence of boundary and the collisions with the reflected
molecules from the surface. Secondly, as the flow proceeds, all the
VACF components approaches the horizontal axis at a slower rate,
which is attributed to the rarefaction effect. When the rarefaction
increases, the mean-time between collisions in the bulk region will
increase.

4. Conclusion

In this study, extensive molecular dynamics simulations have
been performed to investigate the characteristics of nanoscale
pressure-driven flows through a channel. A streamwise inhomo-
geneous flow in a finite length channel has been realized by in-
troducing a reservoir at the beginning of the channel. A detailed
study on the effect of the total pressure drop in the channel has

1

been done. The stability of the simulation model has been inves-
tigated first and, subsequently, the spatial variation of the relevant
properties. The flow properties density, velocity, temperature, etc.,
are found to vary along the flow direction as well as across the
flow direction. A higher rarefaction is observed in the downstream
as the flow proceeds. A temperature discontinuity and change in
its profile is also observed near the wall region where the size ef-
fects are predominant. This behavior is a typical characteristic of
rarefied flows in nanoscale conduits.

The thermal accommodation coefficient is determined at re-
spective bins to investigate the gas-surface interactions further. The
individual collisions of molecules are tracked to find the thermal
accommodation properties. This has been performed by defining a
virtual plane near the wall. The TAC, calculated at different length
sections, are evaluated to elucidate the effect of pressure drop in
the channel. The average TAC for a particular length is found to
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vary with the pressure drop. From the results, it can be concluded
that the variation in TAC is distinct at different locations along the
length. Hence, it is suggested that the analytical and numerical
models which employ TAC, in their boundary conditions, should
consider its variation with length.

The microscopic transport behavior has been studied with the
MSD and VACF. The MSD was studied for a short time of 8 ps for
which the drift motion is negligibly small. However, the drift ef-
fect in the flow direction and the effect due to confinement in the
perpendicular direction of flow were visible in the MSD of the fluid
away from the wall. The effect due to rarefaction down the channel
was also visible. A similar distinction can also be made from the
VACF components too. The VACF components show a monotonic
decay in the beginning, and as time progresses, it approaches the
horizontal axis at a faster rate when the density is relatively high
and vice versa. Therefore, it can be concluded that the rarefied gas
flow properties are also strongly influenced by the nanoconfine-
ment.
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