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The energy accommodation coefficient (EAC) used in thermal boundary condition in micro- and nano-gas flows is reported
to be always less than unity and greatly influenced by wall characteristics, for example, the wall temperature. A statistical
EAC definition was described to calculate the EAC for thermal conduction in argon gas between two smooth platinum plates
from two-dimensional non-equilibrium molecular dynamics simulations. The non-equilibrium EAC at the upper wall was
calculated for different upper wall temperatures and a fixed bottom wall temperature. The equilibrium EAC at each
temperature can then be extrapolated from a series of non-equilibrium EACs as the temperature difference between the two
walls approaches zero. The analyses of the effects of wall temperature for various Knudsen number on non-equilibrium and
equilibrium EACs show that, for a given lower bottom wall temperature, the non-equilibrium EAC at a high temperature
wall increases with an increase in the wall temperature. For a given wall temperature difference, the non-equilibrium EAC
increases with the increase in the wall temperatures. The equilibrium EAC also becomes larger at higher temperatures.
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1. Introduction

Micro/nano-electromechanical systems (MEMS/NEMS)
have developed rapidly beginning from the 1980s. A great
amount of effort has been exerted on the research of
MEMS/NEMS devices such as micro-sensors and
actuators due to their many potential engineering
applications. However, our fundamental understanding
of the fluid flow and heat transfer in micro-channels is not
able to match the fabrication and utilisation abilities [1,2].
As the channel size decreases to microscale or even
smaller sizes, the physics of the micro-gas flows differs
from macro-phenomena in at least two key aspects [3].
Firstly, the mean free path (A) of the gas molecules is
comparable to the characteristic length (L, typically the
channel height); hence the Knudsen number (Kn = A/L) is
large enough that rarefaction effects, such as velocity slip
and temperature jump on the wall surface, must be
considered. Secondly, the surface area to volume ratio is
much larger than typical values at macroscale, leading to
significant interface effects due to the gas—wall inter-
actions. The relatively large roughness on complicated
surfaces and the strong gas—wall interactions will greatly
influence the micro-flow and heat transfer. When such size
effects are considered, the gas molecules are not always
diffusedly reflected by the boundary. The distribution of
the reflected gas molecules may be the combination of
specular and diffuse reflections described in Maxwell-type
boundary conditions.

The energy accommodation coefficient (EAC, also
called the thermal accommodation coefficient), first
introduced by Maxwell [4] and more clearly defined by
Knudsen [5], is an important parameter characterising the
microscopic gas—wall interaction processes. EAC is a
measure of the average efficiency of the kinetic energy
exchange per encounter between gas molecules and wall
atoms at the interface [6], and is generally assumed to be
unity to express a complete thermal accommodation with
the surface in most applications. EAC is used in theoretical
analysis of heat transfer in micro-flow to determine the
temperature jump at the boundary [7]. A great number of
experimental, theoretical and numerical studies [6,8—16]
analysing the interactions of gases with metal or
semiconductor surfaces to determine accurate values of
EAC have shown that it is always less than unity in rarefied
gas flows and is influenced by many factors, such as the
gas/solid materials, surface roughness and wall tempera-
ture. In most studies, the incident gas impinging the
surface is a molecular beam or an equilibrium distribution
at a temperature different from that of the wall with a Kn
large enough to reach the free molecule regime (Kn > 10)
at very low pressures [11]. However, the conditions are
very different in most micro-flows since the incident gas
molecules are usually moving randomly and the gas
molecules will experience non-equilibrium processes
where there are temperature differences between the gas
and the surface in the micro-channels. Furthermore, in
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most MEMS/NEMS applications, Kn is not extremely
large and therefore most micro-gas flows are in the slip
flow regime (0.001 < Kn < 0.1).

When rarefaction is considered, the continuity
assumption is not applicable and the kinetic theory of
gases must be used to describe the molecular transport.
Many numerical methods based on the Boltzmann
equation, such as direct simulation Monte Carlo [17-19]
and lattice Boltzmann method [20] can be used to simulate
the micro-gas flow well. However, various slip models
[6,7,17,20] or other gas—wall interaction models such as
the CLL model [21-23] used in these numerical methods
still depend on accurate accommodation coefficients (AC)
to determine the boundary conditions. The molecular
dynamics (MD) method is an efficient and accurate
numerical method to determine AC [12—-16,25]. In most
previous MD simulations [12—16] to calculate AC, the gas
molecules near the surface are assumed to interact only
with the wall atoms, which may be proper for flows in the
free molecular regime. However, in the slip flow regime,
gas molecules approaching the wall not only interact with
wall atoms but also with other nearby gas molecules. Thus,
a new MD algorithm is needed to consider both types of
interactions.

To date, there have been few studies of EAC for gas
flows and heat transfer in micro/nano-channels. This paper
presents an investigation of the EAC of argon (Ar) gas
between smooth platinum (Pt) surfaces for microscale
thermal conduction using non-equilibrium MD. A
statistical algorithm was developed to calculate EAC
based on the definition of EAC and to analyse the possible
influences of wall temperature and Kn on EAC.

2. Numerical methods
2.1 MD method

Molecular dynamics methods have been successfully used
to analyse micro/nano-flow in many studies [2,14—16,24—
28]. The velocity of the gas molecule is calculated based
on Newton’s second law using a leap-frog-Verlet algorithm
[24] with a time step dz. The computational costs
are reduced when using the link-cell method for
intermolecular interactions.

The non-equilibrium MD simulation is performed for a
two-dimensional system as shown in Figure 1 (similar to
that of Cao et al. [25,26]) with a periodic boundary
condition in the x-direction in which the length of the
computational domain is 0.166 pm. The thermal conduc-
tion in the Ar gas is induced by the temperature difference
between the two parallel smooth Pt walls at a distance of
H = 0.102 pm. The walls are built based on the Einstein
model theory that the wall atoms are attached to the face-
centred-cubic (111) lattice sites by a harmonic spring
with a spring constant in both the x- and z-directions
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Figure 1. Schematic of computational domain and physical
model for MD simulations.

(the angular frequency o= +/k/m in a spring and
o = kgTg/f in Einstein model, so the spring constant k&
can be expressed in Equation (1)). While the expression in
[24,25] is not right

i — mkaT2
f?

ey

where m is the mass of the wall atom, kg the Boltzmann’s
constant, T the Einstein temperature and 7 is the reduced
Planck’s constant. For Pt, T is 180K and k equals to
179.5 N/m. In the simulations, the Pt walls are maintained
at different constant temperatures by a Langevin
thermostat [29] applied in both the x- and z- directions.

A pair of particles (an Ar gas molecule and a Pt atom or
a pair of Ar gas molecules) interacts via the Lennard-Jones
6—12 potential:

(TN 12 0’<> 6
Vii(ry) = 4ej Kr”) - (ru> ] , )
ij i

where r;; is the intermolecular distance for particles i and j,
and g; and oy are the characteristic energy and length
parameters. Since this potential vanishes at larger r;;, only
the interactions between molecules within a certain cut-off
radius, r., need be calculated. The parameters for the
Lennard-Jones potential and the rest of the simulations are
listed in Table 1.

In addition, each case will be simulated repeatedly
three times with different initial velocity distributions.
In this way, the average statistical results can be calculated
with more accuracy.
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Table 1. Parameters in the Lennard-Jones potential and other reduced parameters in the simulations [23-25].

Parameter Ear_Ar O €
Value 1.670 x 1072'7J
Parameter Epi_Ar
Value 0.894 x 10°2'J

OAr—Ar O O

3.405 X 107%m

T= ow/mAr/a‘
2.15 X 1072
Opt—Ar Ty = elkg
3.085 X 1079 m 121.0K

2.2 EAC algorithm
The normal definition of EAC is

_E-E

a=_——
E, —E,

3)

where E; and E; are the average kinetic energies of the gas
molecules before and after colliding with the surface and
Ey, = (3/2)kgT,, (with streaming correction [6] in two-
dimensional conditions) is the average kinetic energy of
the reflected molecules in equilibrium with the wall at
temperature 7.

In flows where the incident and reflected gases are in
an equilibrium distributions the incident energy E; and the
reflected energy E, have similar expressions as E; = (3/2)
kgT; and E, = (3/2)kgT,, where T; and T, are the ‘effective
temperatures’ [6] of the incident and reflected gas
molecules. Therefore, EAC can be expressed as a function
of the wall temperature and the gas temperature:

T, —T:
= — 4
“ T, — Ty’ @

However, the definitions of EAC in Equations (3) and
(4) have a potentially serious flaw [6,10] when the
denominator becomes zero. The EAC’s singularity occurs
if the incident energy E; is equal to E, or T; approximates
Ty Thus, the definitions in Equations (3) and (4) are not
proper for isothermal flows, but only for flows with a
temperature jump near the surface so that the effective
temperature of the incident gas differs from the wall
temperature resulting in a non-equilibrium EAC. In
isothermal flows or where the incident gas is in
equilibrium with the wall, EAC is normally referred to
as the equilibrium EAC defined as

. Ti - Tr
R ©)

Thus, the equilibrium EAC is a function of T, as the
incident gas temperature approaches the wall temperature.

From Equation (3), the calculation of the non-
equilibrium EAC must distinguish between the incident
and the reflected molecules in each time step during the
computational process. The short-range forces between
molecules mean that a gas molecule far from the
wall interact only with the other gas molecules. When
the gas molecule moves closer to the wall, the gas—wall
interactions will gradually become important.

The molecular velocity normal to the wall may reverse
due to the strong gas—wall interactions in only one time
step, or at most several time steps, after which the
molecule bounces away from the wall and the gas—wall
interactions weaken. This is referred to as the incidence—
reflection process shown in Figure 2. In MD simulations,
the time at which the gas molecule approaching the wall
starts to interact with the wall atoms is called the incident
time, while the time at which the gas—wall force on the
molecules leaving the wall approaching zero is referred to
as the reflected time. By distinguishing between the
incident and the reflected molecules, the non-equilibrium
EAC calculated from Equation (3) will converge to a time-
averaged stable value over a large number of time steps.
Generally speaking, for dr = 0.0057, 5 million time steps
are required for the system to reach a steady state, with
another 15 million time steps necessary to calculate the
non-equilibrium EAC and other statistical data.

The equilibrium EAC cannot be acquired directly in
the same way due to the singularity in isothermal flows. As
shown in Equation (5), the equilibrium EAC is the limit of
a series of non-equilibrium EACs as the gas temperature
approaches the wall temperature. Therefore, a reasonable
method, which has also been implemented experimentally
[6], is to estimate the equilibrium EAC at each temperature
from a series of non-equilibrium EACs with various
temperature differences between the gas and the wall.

2.3 Selection of cut-off radius in simulations

The cut-off radius as an important computational
parameter in the above-mentioned algorithm can affect
the accuracy and divergence of the predicted statistical
non-equilibrium EAC.

The cut-off radius, r., in the Lennard-Jones potential
has a significant effect on the motion of the incident and
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Figure 2. Schematic of the algorithm for determining the
incident and reflected gas molecules.
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Figure 3. Non-equilibrium EAC for various cut-off radii, 7,
and various bottom wall temperatures, 7}, for Kn = 0.1726 and
T, — T, =242.0K.
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Figure 4. Non-equilibrium EAC for various wall temperature
differences, T}, — T), and various bottom wall temperatures, 7},
for Kn = 0.0575.

the reflected gas molecules, and, consequently, the non-
equilibrium EAC calculations. Therefore, several r. ranging
from 2.00 to 5.50 were employed to evaluate the effect
of the cut-off radius on the non-equilibrium EAC value.
The bottom wall temperatures were maintained at Ty,
2Ty and 3T,, where To = 121.0K is indicated in Table 1.

Table 2. Non-equilibrium EAC for 7} = 242.0 K with various Kn.
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The non-equilibrium EAC for high-temperature walls is
shown in Figure 3 for the same wall temperature difference
of T, — T;=1242.0K and 1000 Ar gas molecules
(Kn =0.1726, Kn values are calculated using two-
dimensional hard sphere model in [26]) in the simulation
system. The largest standard deviation in this part is less
than 0.010. In each case group, the non-equilibrium EAC
for r. = 3.00 is lower than the others, while for r. = 3.00,
the non-equilibrium EAC is similar with very small
fluctuations around a stable value due to statistical errors.
Therefore, in all the following simulations, r. is taken as
3.00 to reduce the computational costs.

3. Results and discussion

According to Equation (4), the non-equilibrium EAC is a
function of the gas temperature and the wall temperature.
In the simulations, the temperature influence on the non-
equilibrium EAC was analysed by varying the wall
temperatures. Changes in the upper and bottom wall
temperatures will change the gas temperature distribution
in the system and the gas temperature near the wall, and
consequently influence the non-equilibrium EAC.

The non-equilibrium EAC for Kn = 0.0575 (with
3000 gas molecules in the system) is shown in Figure 4
with the bottom temperatures fixed at 121.0, 242.0 and
363.0K, respectively, for the wall temperature differ-
ences ranging from 60.5 to 242.0 K. The largest standard
deviation in these cases is less than 0.012. Figure 4
indicates that the non-equilibrium EAC increases with
the increase in the wall temperature for a given wall
temperature difference, which means that non-equili-
brium EAC is a function of wall temperature. Figure 4
also shows that the non-equilibrium EAC increases with
the increase in the wall temperature difference (increased
the upper wall temperature) for a fixed bottom wall
temperature, which means that it is also affected by the
wall temperature difference. In summary, both the wall
temperature and the wall temperature difference affect
the non-equilibrium EAC. The larger the wall tempera-
ture difference is and the higher the wall temperature is,
the larger the non-equilibrium EAC will be.

Non-equilibrium EAC Kn =0.1726 Kn = 0.0863 Kn = 0.0575
T — T, = 60.5K 0.083 = 0.008 0.080 = 0.010 0.084 = 0.011
T, — T;=96.8K 0.092 = 0.010 0.099 = 0.015 0.091 = 0.010
T,— T;=121.0K 0.096 = 0.008 0.099 = 0.009 0.099 = 0.009
T, — T;=1452K 0.100 = 0.009 0.105 = 0.011 0.095 = 0.007
T,— T;=181.5K 0.104 = 0.007 0.106 = 0.011 0.108 = 0.005
T,— T;=2178K 0.111 = 0.008 0.110 = 0.004 0.111 = 0.003
T, — T;=242.0K 0.115 = 0.007 0.118 = 0.010 0.117 = 0.001
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Furthermore, Kn can be changed by changing the
number of gas molecules in the simulation system. The
non-equilibrium EAC results for 77 = 242.0 K are listed in
Table 2 for three different Kn values. For a fixed bottom
and upper wall temperatures, the non-equilibrium EAC for
different Kn values is almost the same considering
computational errors. Thus, the effect of Kn on the non-
equilibrium EAC is not explicit.

Yamamoto [14] and Yamamoto et al. [15] also
calculated the non-equilibrium EAC for Ar gas and Pt wall
interactions in a micro-thermal conduction problem using
MD method coupled with DSMC method. The impinging
gas molecules were considered to interact only with the
wall and the Morse potential values with larger ea,_p
(about 1.859 X 102'J, twice of that in this paper) were
used for the gas—wall interactions. Since a stronger gas—
wall interaction potential will lead to more accommo-
dation with the wall, the non-equilibrium EAC for smooth
walls in [14] (0.43) and [15] (0.41-0.49) is larger than the
data in our simulations (all less than 0.2). Therefore, the
interaction potential and the related parameters in MD
simulation should be paid more attention to.

As noted in the previous part, the equilibrium EAC for
isothermal flows cannot be calculated directly by
analysing the kinetic energies of the incident and reflected
gas molecules as with the non-equilibrium EAC. There-
fore, the equilibrium EAC is predicted from a series of
non-equilibrium EACs for upper wall temperatures close
to the bottom wall temperature. As T;, approaches Tj, the
equilibrium EAC at 7} can be extrapolated linearly from
the non-equilibrium EAC in Figure 4. The predicted
equilibrium EACs are listed in Table 3 and illustrated in
Figure 5 as a function of temperature for various Kn
values. For the same Kn value, the equilibrium EAC
decreases as the temperature increases. While at the same
temperature, the equilibrium EACs do not change much
for different Kn values.

4. Conclusions

Non-equilibrium MD simulations of thermal conduction in
Ar gas between smooth Pt walls were used to investigate
the effects of wall temperature (121.0-605.0K) for
various values of Kn (0.0575-0.1726) on the non-
equilibrium and equilibrium EACs. A new algorithm was

Table 3. Predicted equilibrium EAC for various temperatures
and Kn.

Equilibrium

EAC Kn=0.1726  Kn=0.0863  Kn = 0.0575
T=121.0K 0.059 0.058 0.050
T=2420K 0.075 0.077 0.074
T=363.0K 0.099 0.089 0.098

T T
0.10 F .
—m— Kn=0.1726
—e— Kn = 0.0863
0091 | _a— Kn=0.0575 o
L 008F .
<
[sa)
0.07 F .
0.06 F .
005 & .
1 1
100 200 300 400

T (K)

Figure 5. Equilibrium EAC for various temperatures and
various Kn.

developed to predict the non-equilibrium EAC, and
consequently the equilibrium EAC extrapolated from a
series of non-equilibrium EACs.

All the predicted EAC in these simulations are much
less than unity. The simulations indicate that the non-
equilibrium and equilibrium EACs are both sensitive to the
temperature. For a fixed bottom wall temperature, the non-
equilibrium EAC at the upper wall increases with the
increasing upper wall temperature and the increasing wall
temperature difference. With a fixed temperature difference
between the two walls, the non-equilibrium EAC is larger
for larger wall temperatures. The predicted equilibrium
EAC also increases with increasing temperature.

In addition, different interaction models and the effect
of a stronger gas—wall interaction on EAC should be
considered in the future work.
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