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ABSTRACT

Nonequilibrium molecular dynamics (NEMD) studies have been conducted to determine
molecular boundary conditions at vapor—liquid interfaces for the kinetic theory of
condensation and evaporation. In previous studies, a microscopic formulation of the
condensation coefficient was defined as the condensation probability of vapor molecules
based on equilibrium molecular dynamics simulations and transition state theory. The
condensation coefficient was presented as a function of the translation energy of incoming
molecules and surface temperature. Based on this, the velocity distributions of evaporating
and reflecting molecules were theoretically expressed under equilibrium conditions. In a
practical nonequilibrium situation, the energy transfer by the reflecting molecules is
important along with the condensation/evaporation probability. However, it is unclear
whether the results obtained under equilibrium conditions can be applied under
nonequilibrium conditions. This study, therefore, defines the energy accommodation
coefficient of reflecting molecules by comparing the energy transfer due to reflection with
that under equilibrium conditions. NEMD simulations are conducted using two surfaces
facing each other, an evaporating surface and a condensing surface, for argon molecules
under different nonequilibrium conditions. The results show that the velocity distribution
of reflecting molecules deviates from those under equilibrium conditions, and the energy
accommodation coefficient decreases as nonequilibrium conditions increase. Additionally,
an inverted temperature profile is observed. Reflecting molecules play an important role in
the sensible heat transfer on the condensing surface, and they are not accommodated on the
condensing surface. Thus, they raise the temperature in the vicinity of the condensing

surface under nonequilibrium conditions.
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. INTRODUCTION

Evaporation and condensation play an important role in heat and mass transfer in
thermal science and engineering. In particular, in microscale and nanoscale systems, the
interfacial transport resistance at the liquid surface is important because the conductive
resistance within a liquid decreases significantly. The kinetic theory of gases is useful in
describing the interphase heat and mass transfer between a liquid and a vapor.' Based on
the Hertz—Knudsen formulation method, the Schrage relationships are widely used for
expressing the rate of evaporation and condensation in terms of local interfacial
thermodynamics properties.> The condensation/evaporation coefficient is an important
parameter used to describe the mass flux through a liquid—vapor interface in the expression.
In most studies, the condensation coefficient has been considered a constant value of less
than or equal to unity without considering the kinetic motion of incident vapor molecules.>~
15 In other words, in those studies, it is assumed that all molecules condense with the same
probability, irrespective of their kinetic motion.

However, considering the condensation coefficient as the condensation probability of the
incident molecules, it becomes apparent that the condensation coefficient depends on the
normal component of the velocity of incident molecules.'" Furthermore, it has been
shown that the velocity distributions of evaporating and reflecting molecules in the vicinity
of a liquid surface are different from the Maxwellian distribution. Under thermal
equilibrium conditions, the Maxwellian distribution can be applied to all leaving molecules
but not to evaporating and reflecting molecules. Bond and Struchtrup®® accepted the
molecular velocity-dependent condensation coefficient and indicated the existence of much
larger interface temperature jumps, as subsequently observed in experiments by Fang and
Ward?!.

The molecular behaviors at a liquid—vapor interface during condensation are classified
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into three types—evaporation, condensation, and reflection—as shown in Fig. 1. To
express accurately heat and mass transfer, the molecular boundary conditions for these
molecules should be based on the kinetic theory of condensation. Numerous recent studies
have been conducted based on the Maxwellian distribution, as stated above. In such cases,
the kinetic theory may be responsible for a large difference in the temperature profile of a
vapor phase. A typical example is an inverted temperature profile that was first reported by

Pao? in 1971. Since then, numerous works?*=!

have considered this profile as a paradox in
thermodynamics from the viewpoint of the second law of thermodynamics because vapor
temperature increases as the vapor approaches a condensing surface. It has been concluded
that an inverted temperature profile actually exists and does not violate the second law of
thermodynamics. However, a clear physical explanation of this profile requires more
details on the molecular interaction at the vapor—liquid interfaces, particularly the energy
transfer by reflecting molecules. Latent heat transfer can be determined using the net rate
of mass transfer obtained from the difference between the condensation and evaporation
rates using the condensation/evaporation coefficient or the mass accommodation
coefficient. This method is similar to the expression of the Hertz—Knudsen equation and it
does not include the sensible heat transfer. As depicted in Fig. 1, the sensible heat transfer
by the reflecting vapor molecules without phase change should be considered for a full
description of interface heat transfer. In other words, to describe the energy transfer by the
vapor molecules reflected at the liquid surface, it is necessary to obtain an energy
accommodation coefficient similar to that of a solid surface. Wu and Struchtrup®? pointed
out that the Epstein model®’, which introduced the molecular velocity-dependent
accommodation coefficient to the Maxwell model consisting of diffuse and specular

reflections, should be used for the boundary condition for molecular reflection on solid

surfaces. The present study focuses on both the molecular velocity-dependent
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condensation/evaporation coefficient to describe latent heat transfer due to phase change
and the molecular velocity-dependent energy accommodation coefficient to describe
sensible heat transfer by reflected molecules without phase change. Both of these
velocity-dependent coefficients—the condensation/evaporation coefficient and the energy
accommodation coefficient—have the possibility to express the molecular velocity
distributions properly for the evaporating molecules and the reflecting molecules at the
vapor—liquid interface under nonequilibrium conditions.

It was shown that the molecular velocity distributions of evaporating and reflecting
molecules can be well modified from the Maxwell distribution by using the
velocity-dependent condensation/evaporation coefficient under equilibrium conditions. !¢
In the present study, nonequilibrium molecular dynamics (NEMD) simulations are carried
out to obtain the molecular boundary conditions for the velocity distributions of
evaporating and reflecting molecules at a vapor—liquid interface, and the effects of
nonequilibrium molecular flow on the velocity distributions examined by comparing those
for the equilibrium condition. The simulations are conducted using two surfaces facing
each other, i.e., an evaporating surface and a condensing surface, for an argon molecule
system under different nonequilibrium conditions. A new definition of the energy
accommodation coefficient of reflecting molecules is defined by comparing the energy
transfer due to reflection with the energy transfer under equilibrium conditions. In addition,
an inverted temperature profile is discussed based on the direct simulation of the Monte
Carlo (DSMC) method and application of modified molecular boundary conditions. The
condensation coefficient is considered as the condensation probability of incident
molecules, and the velocity distribution density of the evaporating molecules and the
energy accommodation coefficient of the reflecting molecules are applied. Further, the

sensible heat transfer by the reflecting molecules is identified as a key factor for a clear
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explanation of the inverted temperature profile at the condensing surface.

1. MOLECULAR BOUNDARY CONDITIONS FOR KINETIC THEORY

The kinetic boundary conditions at the liquid—vapor interfaces require two types of
molecular information. One is the condensation probability (i.e., the condensation
coefficient) and the other is the velocity distribution functions of the evaporating and
reflecting molecules. Typically, the condensation coefficient is assumed to be constant, and
the velocity distribution functions are based on the Maxwellian velocity distribution
function. However, Tsuruta et al.'® and Tsuruta and Nagayama'® found that the
condensation coefficient was not an isotropic uniform value but increased with the
surface-normal component of the translation energy of incident molecules, as shown in Fig.
2, as per the molecular dynamics (MD) studies of argon and water under thermal
equilibrium conditions. An incident molecule with high energy can penetrate more deeply
into the vapor—liquid interface region, where it will undergo many interactions with liquid
molecules and dissipate energy to the liquid; this increases the condensation probability. A
higher surface temperature increases the energy of the surface molecules and thus the
likelihood of incident molecules having collisions directly at the surface. This reduces
incident molecule penetration, which results in a smaller condensation probability. To
express this behavior, the following formulation was introduced by Tsuruta et al.'® for the

first time in the literature:

mv2
oc = {1 = fexp (- 55)} ®
where V- is the component of molecular velocity that is normal to the liquid surface, ks is
the Boltzmann constant, m is the mass of a molecule, and 7 is the temperature of the liquid

surface. Parameters o and f were originally constants for expressing the MD results, but

they were defined according to the transition state theory as the functions of the specific
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volume of a vapor and liquid, as shown later.!”

In addition, the velocity distributions of the evaporating and reflecting molecules
differed from the Maxwellian distribution in the direction perpendicular to the interface.
Under equilibrium conditions, all molecules that leave from a liquid surface should follow
the Maxwellian velocity distribution and the evaporation coefficient should be equal to the
condensation coefficient because the evaporation and condensation fluxes are the same.
Therefore, the velocity distribution functions for the evaporating and reflecting molecules

can be modified using Eq. (1) as follows:

m \1/2 mv2
f;e,z = 0-chaxwellian = O¢ n( ) exp (_ ZkBT)’ (2)

ZTIICBT
m \1/2 mv2
anBT) exp (_ ZkBT)' (3)

For the tangential velocity distributions functions, fx and fy, it has been reported that there are no

fr,z = (1 = 0o) fuaxwettian = 1- oc) n(

marked differences with the Maxwellian distribution.% 18
The number flux of incident molecules is given by the Maxwellian velocity distribution
under thermal equilibrium conditions. Thus, the average value of the condensation

coefficient, i.e., the macroscopic condensation coefficient can be expressed as follows:

o= s o V) ew (Fm)a=a(1-9). @

According to the transition state theory,!” the average condensation coefficient is

formulated as

O; = (1— 3\/Vl/Vg) exp (—%W) (5)
By comparing Eq. (4) from the MD simulation and Eqg. (5) from the transition theory, it is

found that two parameters « and £ can be obtained as follows:

a = exp (—iﬁ), B = 2:/V/Ve. (6)
7
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These relationships can be utilized to predict the condensation coefficient based on the
specific volume ratio, 3/V!/V9.
The density functions of the velocity distribution, Fr and Fe, are obtained by normalizing

Egs. (2) and (3), respectively, as follows:

_ 1-a+apexp{-mV2?/(2kgT)} m_ _ mv#

Fr'z - 1-a(1-B/2) (kBT> Vzexp ( ZkBT)' (1)
_ 1-Bexp{-mV2/(2kpT)} m_ _ mv#

Fpr = 1-B/2 (kBT) V.exp ( 2k3T>' (8)

These formulas have been validated through MD studies.'®® Figure 3 shows a
comparison of the velocity distribution density functions for the surface-normal component
for the evaporating and reflecting molecules and all leaving molecules.*8 It can be observed
from the figure that the velocities obtained using Egs. (7) and (8) are smaller and larger
than the Maxwellian velocities, respectively. Hence, the total outgoing molecules
(containing the evaporating and reflecting molecules) closely follow the Maxwellian
distribution. This implies that the translation energy of evaporating molecules is larger than
the average energy described by the Maxwellian distribution. The difference between the
energy of the evaporating molecules and the energy based on the Maxwellian distribution
is considered to be the energy required to overcome the potential barrier for evaporation.

That is, the activation energy can be approximated as follows:

11
22/B-1

co 1
AE = E,; — Eyaxwelz = fo EszzFe,szde — kpT = kgT. (9)

Therefore, it is understood that Egs. (1), (7), and (8) can be used as the molecular boundary
conditions for the kinetic theory of vapors at an equilibrium liquid surface.

Following these considerations, the DSMC analysis was conducted to examine the
inverted temperature profile phenomenon.® The resulting temperature profiles are shown
in Fig. 4, where the vapor temperature is normalized by the temperature difference AT

between the bulk vapor and the liquid surface as follows:
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(10)

AT T,—T,
An inverted temperature profile is observed if an artificial condition, such as perfect
condensation (oc=1, i.e., a =1, = 0), is applied as the boundary condition. However, an
inverted temperature profile is not observed when Egs. (1), (7), and (8) are employed, and
it is interesting to know that the dimensionless temperature jumps at the interface coincide
with each other for the same values of « and g, even under the different supersaturation S,
which is defined by Eq. (14) to indicate the nonequilibrium conditions. Therefore, it is
generally understood that an inverted temperature profile exists in practical situations.
However, the molecular boundary conditions obtained for thermal equilibrium conditions,
ie., Egs. (1), (7), and (8), cannot express this phenomenon. This shows that
nonequilibrium conditions should be included to obtain a full description of heat and mass
transfer at the vapor—liquid interfaces.

We assume that molecular evaporation and condensation are characterized mainly by
liquid temperature and do not significantly differ under nonequilibrium conditions. This is
because evaporation and condensation behaviors depend on the activation energy
expressed in Eg. (9). However, it is considered that reflection behavior depends on
nonequilibrium conditions. Thus, the energy accommodation coefficient of the reflecting

molecules is examined in this study.

1. NEMD SIMULATION METHOD

In this study, NEMD simulations were carried out in a rectangular simulation cell with
Lx =Ly =6.486 nmand Lz = 131.347 nm, where Lx, Ly, and Lz are the length sizes of the
simulation cell in the x-, y-, and z-axis directions, respectively, as shown in Fig. 5. The
length of the simulation cell in the z direction (flow direction of the vapor) was 30 times

the mean free path of argon gas at 100 K. Periodic boundary conditions were applied in the
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X, Y, and z directions. The total number of particles in the system was 12000, and the cell
index method was used to improve the efficiency of the calculation of the force or potential
field. The Lennard-Jones potential function was applied to the force field of argon as

follows:

o 12 o 6
bij (1) = 4e {(z> - (E) } (11)
where ¢, is the potential energy between particles i and j at intermolecular distance ry,

o= 0.3405 nm is the diameter of argon, and ¢ is the potential parameter of e/ks = 119.8 K.
The velocity Verlet algorithm was used with a time step of At =5 fs, and the cutoff distance
was set to 3.5 o.

Two thermostats at different temperatures were employed to maintain nonequilibrium
conditions. A hot slab and a cold slab were set in the liquid close to the left and right sides
of the simulation cell, respectively. The thickness of the thermostat layer was 3.5 o. Cold
liquid temperatures were set to 90 K and 100 K, and hot liquid temperatures were changed
such that they were higher than the cold liquid temperatures. Evaporation occurred on the
left side, and vapor molecules condensed on the right side. The cell was divided into 110
layers for the local data sampling of temperature and density. It was necessary to
distinguish the reflecting molecules from the evaporating molecules. We considered a
cutoff time of 20 ps to deduce reflection or evaporation, which corresponded to the
interaction time shown in Fig. 1. In particular, an incident molecule was considered to be a

reflecting molecule if it returned to the vapor phase within 20 ps. 1618

V. RESULTS AND DISCUSSION

Temperature profiles

10
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The typical temperature profiles obtained by conducting NEMD simulations under
different temperature conditions are presented in Fig. 6. The temperatures of the
evaporating liquid surface change from 120 K to 130 K, and the temperatures of the
condensing liquid surface are maintained at 90 K or 100 K. Thermostat-layer temperatures
TH and T are indicated in each figure by solid red and blue circles, respectively. It is
understood in these figures that the effects of the thermostat layer are limited within
adjacent layers judging from the temperature movement moving up, then down near each
thermostat. The liquid surface temperature T' and the vapor temperature TV adjacent to the
condensation interface are obtained by considering the density profiles along the z
direction. The vapor phase temperature TV is almost uniform except for the regions near the
condensation and evaporation interfaces, which indicates that the present simulation cell
has sufficient length and molecular number for the steady-state nonequilibrium
simulations. Temperature jJumps are observed on the evaporating and condensing surfaces,
and negative temperature gradients are found in the vicinity of the condensing surface. For
instance, in Fig. 6 (d), the vapor temperature at the interface is 4.8 K higher than the bulk
phase temperature, TV=105.0 K, when the temperatures of the evaporating and condensing
surfaces are 130 K and 100 K, respectively. The next subsection further elaborates the

temperature changes based on the velocity distributions close to the condensing surface.

Velocity distributions

Here, we discuss the reason for the occurrence of an inverted temperature profile. Figure 7
shows the velocity distributions of vapor molecules in the vicinity of the condensing surface when
the temperatures of the evaporating and condensing surfaces are (a) 125 K and 90 K, respectively,
and (b) 130 K and 100 K, respectively. The velocity distributions of the evaporating and reflecting

molecules are depicted along with those of all leaving molecules.

11



AlP

Publishing

The velocity distribution of all leaving molecules agrees with the Maxwellian distribution.
Moreover, the velocity distribution of the evaporating molecules agrees with the distribution
obtained using Eq. (8) under equilibrium conditions. This supports our assumption that evaporation
can be represented by the equilibrium relation even under nonequilibrium conditions. However, the
velocity distribution of the reflecting molecules is different from the distribution obtained using Eg.
(7). The values obtained through NEMD simulation are smaller than those obtained using Eq. (7)
in the low-velocity region (at approximately 100 m/s) and larger in the high-velocity region (at 300
m/s). This indicates that the energy of the reflecting molecules is larger than the energy under
equilibrium conditions. Under nonequilibrium conditions, the reflecting molecules are not
accommodated on the liquid surface, that is, the reflection is nonaccommodative. Thus, the
reflecting molecules have excess energy under nonequilibrium conditions. It is considered that the
energy transfer to the liquid surface is limited, and the excess energy returns to the vapor phase.

Therefore, the vapor temperature close to the condensing surface shows a negative gradient.

Energy accommodation coefficient for reflecting molecules
Instead of the conventional accommodation coefficient, a new definition of the energy

accommodation coefficient, y, is proposed for the reflecting molecules as follows:

_ Ei—Ey
B Ei_Es’

(12)
where Ei is the incident energy of reflecting molecules and Er is the escape energy after
reflection. Es is the energy of the reflecting molecules that are completely accommodated

on the liquid surface, and it is obtained using Eq. (7) as follows:

__ l-a+taB/4

E = [} ~mv2F,,dv, = kyT. (13)

1-a+af/2 B
In numerous studies, Es has been obtained based on the Maxwellian distribution. However, the

energy of reflecting molecules is lower than that obtained using the Maxwellian distribution, as

12
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explained in Section I1. Therefore, in the present study, Es is defined as the energy of the reflecting
molecules under equilibrium conditions based on Eq. (7). According to this definition, the energy
accommodation coefficient y is unity for the reflecting molecules under equilibrium conditions.
Table I summarizes the energy of the reflecting molecules under equilibrium conditions at different
temperatures. For the condensing surface at 100 K, the value of Es is evaluated to be 0.679sT ( a=

0.923 and £=0.299), which is smaller than the value of ksT for the Maxwellian distribution.

Table I Energy of reflecting molecules under equilibrium conditions.

T [K] o B =
kyT
90 0.935 0.222 0.694
100 0.923 0.299 0.679
120 0.750 0.388 0.816

The accommodation coefficient obtained by conducting the NEMD simulations is a
function of supersaturation S, as shown in Fig. 8, which is defined as the ratio between the

pressures of the vapor and liquid surfaces:

Dy
= — 14
S oo (14)

where pv is the pressure of the bulk vapor phase and pc is the saturation pressure at surface
temperature. As supersaturation represents nonequilibrium conditions, the accommodation
coefficient is close to unity at a small supersaturation, as shown in Fig. 8. The
accommodation coefficient decreases as supersaturation increases, which corresponds to
the increasing nonequilibrium conditions. This indicates that the energy of the reflecting

molecules is larger than the energy of the reflecting molecules in equilibrium, and

13
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reflecting molecules cannot be accommodated on the condensing liquid surface under
nonequilibrium conditions.

Figure 9 shows the velocity distributions of the reflecting molecules on the condensing
surface at 100 K. As shown in Fig. 7, under the nonequilibrium condition, the velocity
distribution of the reflecting molecules differs from the theoretical equilibrium distribution
given by Eq. (7). This difference can be clearly observed in Fig. 9 (a) that shows the
velocity distribution of only reflecting molecules. These molecules are classified into three
groups depending on the number of interactions with surface molecules in the interface
zone, and the velocity distributions of these groups are presented in Fig. 9 (b). The velocity
distribution of the reflecting molecules that have a large number of interactions deviates
significantly from the theoretical distribution. In contrast, the velocity distribution of the
reflecting molecules with less than 10 interactions is close to the theoretical equilibrium
distribution. In other words, the velocity distribution of the reflecting molecules
approaches that of the evaporating molecules (Eq. (8)) through repeated collisions with the
surface molecules. This results in a large energy reflection and decrease in the heat transfer
to the liquid surface. Therefore, the energy accommodation coefficient of the reflecting
molecules expressed in Eq. (12) decreases as the number of collisions with the surface
molecules increases.

Figure 10 presents the vertical (z-direction) location where reflection occurs owing to the
final interaction of incident molecules within the interface region. The molecules with
fewer than 10 interactions are reflected at a shallow depth at the interface, whereas the
molecules with more than 11 interactions are reflected close to the deeper liquid phase.
The deeper part of the vapor—liquid interface region has a larger molecular density and a
higher chance of collision with molecules compared to the shallow part, as shown in Fig.

10. As the nonequilibrium conditions increase, the number of incident molecules with

14
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higher velocity increases, and these molecules can penetrate the deeper interface region.
On this basis, it is understood that the reflecting molecules play an important role in
nonequilibrium condensing flow. Therefore, the energy transfer due to the reflecting
molecules must be fully analyzed by introducing the velocity-dependent energy

accommodation coefficient for nonequilibrium heat transfer.

DSMC analysis

The DSMC analysis is widely used as the solver of the Boltzmann equation with phase
change.®* Its noise-free deterministic method is considered to be much more efficient than
the MD simulations. In the present study, the DSMC analysis is performed, and the results
are compared to the NEMD simulation results to verify the effect of energy transfer by the
reflecting molecules on the inverted temperature profile. The simulation system is shown
in Fig. 11. The one-dimensional condensing flow of argon vapor is considered. The bulk
vapor phase is separated from the liquid surface by a distance of 30 times the mean free
path of argon gas at 100 K. The simulation domain is divided into 90 cells, and the number
of sample molecules in a cell is approximately 1,000. The condensing surface temperature
is set to 100 K, which is the same as that for the NEMD simulations. The rigid sphere
model and maximum collision-number scheme are used for the collisions between
particles. The time increment is approximately 10 times smaller than the mean free time,
and a simulation period of 100,000 steps is considered to obtain time-averaged results. At
the interface, it is determined whether an incident molecule is condensed or reflected based
on the condensation coefficient expressed in Eq. (1). The velocity of reflecting molecules
is modified through the utilization of the energy accommodation coefficient, as shown in

Fig. 8.

15
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The comparison of the temperature profiles, obtained by conducting the DSMC analysis
and NEMD simulations, is presented in Fig. 12 in a similar manner to Fig. 4. The
dimensionless temperature is defined by Eq. (10). In both cases, temperature close to the
condensing surface increases, resulting in an inverted temperature gradient in the vapor
phase. The results of the NEMD simulation include a few fluctuations. However, the
results of the DSMC analysis present a continuous temperature profile because the DSMC
method is a stochastic method. This indicates that the DSMC method with the molecular
boundary conditions is useful to understand the condensing flow of molecules.

Figure 13 compares the velocity distributions obtained by conducting NEMD
simulations and DSMC analysis; a good agreement is observed between the results. The
velocity distribution of the reflecting molecules obtained by conducting the DSMC
analysis deviates from the equilibrium distribution obtained using Eq. (7) and agrees with
the results of the NEMD simulation, and it shifts to the high-velocity region. This implies
that the inverted temperature profile occurs because of the excess energy of the reflecting
molecules. Therefore, the present molecular boundary conditions, including the energy
accommodation coefficient, are appropriate to predict the heat and mass transfer

characteristics on a liquid surface under nonequilibrium conditions.

V. CONCLUSIONS

In this study, NEMD simulations were carried out using argon molecules to formulate
the boundary conditions on a condensing liquid surface under nonequilibrium conditions.
A new definition of the energy accommodation coefficient of reflecting molecules was
introduced by comparing the energy transfer by the reflecting molecules and the energy

transfer in equilibrium conditions. The following conclusions were obtained:
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1. Under practical nonequilibrium conditions, the sensible heat transfer by the reflecting
molecules is important in addition to the latent heat transfer owing to the mass transfer
across the vapor—liquid interface. The latent heat transfer can be obtained using the net
condensation rate that is defined as the difference between the condensation and
evaporation rates using the condensation or evaporation coefficient. For a sensible heat
transfer, it is necessary to obtain the energy accommodation coefficient of the
reflecting molecules in a manner similar to the heat transfer on a solid surface.

2. The velocity distribution of reflecting molecules deviates from the theoretical
distribution in equilibrium conditions to high-velocity regions. In addition, the energy
accommodation coefficient of the reflecting molecules decreases as the
nonequilibrium conditions increase with a temperature difference between the vapor
and liquid surface. This indicates that the energy of the reflecting molecules is larger
than the energy under equilibrium conditions. The sensible heat transfer decreases
with the accommodation coefficient, i.e., the energy transfer to the liquid surface is
limited, and excess energy returns to the vapor phase. This increases the accumulation
of excess energy on the liquid surface, which is considered the reason for the
occurrence of inverted temperature profiles.

3. The results of the DSMC analysis and NEMD simulations agree if appropriate
molecular boundary conditions, such as the velocity distributions of the evaporating
and reflecting molecules, are applied along with the condensation coefficient as the

condensation probability.
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Fig.

Fig.

Fig.

1 Heat and mass transfer at the vapor-liquid interface.

2 Condensation coefficient as condensation probability, which is a function of the
normal component of the translational energy of incident molecules'® (Reproduced
with permission from J. Phys. Chem. B. 108-5, 1736 (2004). Copyright 2004
American Chemical Society).

3 Velocity distribution density functions for the surface-normal component at the
condensing surface of argon under equilibrium conditions at 120 K.'® (Reproduced
with permission from J. Phys. Chem. B. 108-5, 1736 (2004). Copyright 2004
American Chemical Society).

4 Comparison of temperature profiles under different boundary conditions at the
condensing surface (DSMC results for argon surface at 100 K).!” The dimensionless
temperature 6 is based on the overall temperature difference A7, and A is the mean
free path. (Reproduced with permission from Energy 30, 795 (2005). Copyright 2005
Elsevier Ltd.).

5 NEMD simulation system

6 Temperature profiles via NEMD for two cases of the condensing surface
temperatures at 90 K ((a), (b)) and 100 K ((c), (d)) under different nonequilibrium
conditions. Thermostat-layer temperatures 7" and T* are indicated by the solid red
and blue circles, respectively.

7 Velocity distributions obtained via NEMD simulations when the temperatures of the
evaporating and condensing surfaces are (a) 125 K and 90 K, respectively, and (b)
130 K and 100 K, respectively.

8 Accommodation coefficient of reflecting molecules.

9 Velocity distribution of reflecting molecules on the condensing surface at 100 K
(Tu=130 K). The velocity distribution (a) shows some shift to the larger velocity
region compared to the equilibrium velocity distribution given by Eq. (7). The
velocity distribution (b) shows the relation between the interaction number and

their velocity distribution density.
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(a) Velocity distribution of reflecting molecules only

(b) Classification of reflecting molecules based on number of interactions

Fig. 10 Location of reflection in z direction within the interface region for the case of 7=
130K and 7" = 100 K.

Fig. 11  Simulation system and boundary conditions for DSMC analysis.

Fig. 12 Comparison of temperature profiles obtained by conducting NEMD simulations
and DSMC analysis.

Fig. 13 Comparison of velocity distributions obtained by conducting NEMD simulations
(7" =130 K and 7" = 100 K) and DSMC analysis
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