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Abstract

Molecular dynamics simulations have been conducted for a system of argon molecules to study the effects of
translational motion of monatomic molecules on condensation and evaporation coefficients. The results show that
both coefficients depend on a surface-normal component of the translational energy. The vapor molecules with
smaller energy can be easily reflected by the surface molecules, and the surface molecules with smaller energy can
not evaporate. Also, velocity distributions of evaporated and reflected molecules are presented in the form of
modified Maxwellian utilizing the condensation/evaporation coefficient expressed as a function of the normal
component of translational energy. © 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

With progression of advanced technologies using
evaporation and condensation, the interphase mass
transfer between liquid and vapor phases has become
very important in recent years from the viewpoints of
molecular and microscale mass transfer. Following an
ordinary approach to a description of interphase mass
transfer rate, mass fluxes of vapor molecules crossing a
plane immediately close to the liquid surface are
expressed based on the kinetic theory of gasses. Net
evaporation or condensation rate can be obtained
from the difference between the fluxes of molecules
moving outward from and toward the liquid surface.

Schrage [1] made a significant contribution to this
problem and his theoretical expression for the inter-
phase mass transfer rate was widely used at one time.
Later Labuntsov [2,3] revised Schrage’s expression by
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considering the non-equilibrium effects in the Knudsen
layer adjacent to the liquid surface, and derived a
modified expression for near-equilibrium condition. In
addition to this, a number of studies, for example
Sone and Onishi [4,5], Labuntsov and Kryukov [6] and
Aoki et al. [7], conducted more elaborate studies to
obtain approximate or numerical solutions of the
Boltzmann equation for the non-equilibrium effects in
the Knudsen layer.

In all of these theoretical studies, several assump-
tions have been made concerning the boundary con-
ditions at the liquid surface. Condensation and
evaporation coefficients are introduced to express the
condensation probability (i.e. reflection rate) and the
evaporation rate, respectively. In general, the conden-
sation coefficient is defined as a fraction of incident
molecules upon a liquid surface which remain in the
liquid phase and the evaporation coefficient as the
number ratio of emitted molecules from the liquid sur-
face to those calculated by assuming a Maxwellian vel-
ocity distribution corresponding to a saturated vapor
at the surface temperature. Since the two coefficients
should coincide with each other under the thermal
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Nomenclature

Ei, energy of an incident molecule
AE energy change of reflected molecule
F velocity distribution function
k Boltzmann constant

m mass of molecule

N number of molecules

r distance of molecules

T temperature

14 velocity

X, y, z coordinates

Greek symbols
o parameter in Eq. (2)

o condensation coefficient

e evaporation coefficient

p parameter in Eq. (2)

o(r) potential function

0 incident angle of molecule on liquid sur-
face

Subscripts

c condensing surface

in inward direction from bulk

out outward direction from liquid surface

xX—y of tangential component to liquid surface

z of normal component to liquid surface

equilibrium condition, the same value is used even in
the near-equilibrium state and represented by the term
of condensation coefficient.

Since the condensation coefficient is an unknown im-
portant factor to express the interphase mass transfer
rate, some experimental and theoretical efforts to
obtain the reliable value are being continued. For
liquid-metals such as mercury [8] and potassium [9],
values close to unity have been obtained in the exper-
iments of film condensation heat transfer. On the other
hand, for polyatomic vapors such as water, methanol,
carbontetrachloride and glycerol vapor, values less
than unity have been reported in the experimental
studies using a dropwise condensation method [10,11]
and a shock-tube technique [12,13]. Also, a theoretical
estimation of condensation coefficient have been devel-
oped by Fujikawa and Maerefat [14] on the basis of
the transition state theory of statistical mechanics. The
results are in good agreement with their experimental
data for polyatomic vapors and they concluded that
the condensation coefficient of polyatomic vapor is sig-
nificantly smaller than unity because of a constraint of
rotational motion of molecules in the liquid state.
However, recent molecular dynamics studies have pre-
sented a different explanation for the small values of
condensation coefficients of polyatomic vapors.
Matsumoto et al. [15-18] carried out the molecular
dynamics simulations for equilibrium vapor-liquid sys-
tems and obtained a good agreement with the exper-
imental condensation coefficient by Fujikawa et al.
[12,13]. They suggested that the condensation coef-
ficients of polyatomic molecules are reduced due to
molecular exchange like a spattering phenomena
caused by collisions of vapor molecules with the liquid
surface. This suggestion is very interesting but needs
further investigation since their definition of conden-

sation coefficient seems to be different from the ordin-
ary one.

Let us turn to the monatomic vapor. According to
the transition state theory by Fujikawa and Maerefat
[14], the condensation coefficients of monatomic vapors
must be unity because they are free from the rotational
motion. Here, it should be noted that there is no differ-
ence between the evaporation from the liquid surface
and the diffusive outflow from the reservoir of the
saturated vapor when the condensation coefficient has
a value of unity. In this case, no consideration for
effects of the liquid surface is included and the mol-
ecules evaporated from the liquid surface are treated
as those having the same Maxwellian velocity distri-
bution as the uniform vapor. Our molecular dynamics
study [19] showed that the condensation probability of
argon molecules is close to unity (over 0.9 at 84 K)
but it decreases with surface-normal component of
translational energy. This indicates a dependency of
the condensation coefficient upon the translational
motion of incident molecules. In the present study,
therefore, focussing on the effect of translational
motion, condensation and evaporation behaviors are
studied in detail using the molecular dynamics method
for an argon molecule system. The condensation coef-
ficient is expressed as a function of translational energy
and the surface temperature. Furthermore, the velocity
distributions near the interface zone are analyzed and
compared with the Maxwellian distribution. The evap-
oration coefficients are also presented as a function of
translational energy of evaporated molecules.

2. Simulation method

By following our previous study [19], the molecular



T. Tsuruta et al. [ Int. J. Heat Mass Transfer 42 (1999) 41074116 4109

b W wis B
R )

i wl

X 102K 120K

Fig. 1. Snapshot of simulation system.

dynamics simulations for argon molecules have been
performed for different system temperatures. To for-
mulate the liquid—vapor interface, the simulation tech-
nique developed by Matsumoto and Kataoka [15] was
employed. Fig. 1 shows 3-dimensional snapshots at
five system temperatures of 84, 90, 102, 120 and 130 K
in the simulation. The basic cell is a rectangular en-
closure with the periodic boundary conditions for all
boundaries. The number of molecules in the system is
864 for the temperatures of 84-120 K and 1728 for
130 K. Intermolecular potential is a simple Lennard—
Jones 12—6 potential:

d(r) = 4el(a/r)"* — (a/r)%} (1)

which provides a reasonable description of the proper-
ties of many nonpolar molecules [20,21]. It must be
emphasized here that the potential is not for an iso-
lated pair of molecules since the parameters ¢ and ¢
are generally chosen so as to approximate the proper-
ties in the one-phase region [22]. Nevertheless, Eq. (1)
has been used in the computer simulation for phase
transitions and a comparison of the liquid—gas co-
existence curve with the experiment has been presented
in the case of argon [23]. Based on the comparison,
Matsumoto and Kataoka [15] used the values of
¢=3.405 A and ¢/k = 119.8 K for the interphase mass
transfer problem and we also use the same values for
simplicity. To integrate the Newton’s equation of
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Fig. 2. Density and potential energy profiles.

motion, the Verlet method is used with the time step
of 5.0 fs. The cutoff radius is 3.5 a.

Density profiles calculated are shown in Fig. 2
together with potential energy profiles. These profiles
mean time-averaged value during steady state period
of 150 ps for 84 K-system or 200 ps for the others.
Even in the steady state, the system temperature
showed the fluctuation of +5 K. The densities at the
central liquid region are around 1.35, 1.33, 1.25, 1.10
and 1.00 g/cm® in order of the system temperature,
which are close to the reported values for the saturated
liquid. We can see an interphase zone between the
liquid and vapor phases where the changes in density
and potential energy occur. The interphase zone is
dealt with the liquid surface in this paper.

First in the present study, an argon molecule is
injected as a test molecule with a different translational
energy and an incident angle into the system in order
to study how the condensation probability depends on
the translational motion of a vapor molecule. For a set
of translational energy and incident angle, 100 random
injections are conducted to examine the condensation
or reflection behaviors. The details of the incident
method are described in Ref. [19]. The injection simu-
lation is carried out for the systems of 84, 90 and
102 K.

Next, velocity distributions of the evaporated and
reflected molecules are measured at the vicinity of the
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Fig. 3. Typical time histories of incident molecules in 102 K
system (initial incident energy: E;,=300 K, incident angle:
0=0 degree).

liquid surface and compared with the Maxwellian dis-
tribution. The measurements are made for a relatively
long duration in the thermal equilibrium system at
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102, 120 and 130 K. From the viewpoint that the evap-
oration coefficient should be equal to the condensation
coefficient in the equilibrium state, the evaporation
coefficient is examined and the relation between the
evaporation coefficient and velocity distribution of
evaporated molecules is discussed.

3. Surface-collision behaviors and condensation
coefficient

3.1. Trajectories and energy histories of incident
molecules

Typical trajectories and time histories of energies of
incident test molecules are shown in Fig. 3 for the sys-
tem at 102 K and we can see the typical process of
condensation or reflection in these figures. The shaded
regions correspond to the interphase zone in Fig. 2.
Energy is represented in the unit of absolute tempera-
ture (divided by the Boltzmann constant k). Time at
the collision between the test incident molecule and the
surface molecules can be found from a steep change of
potential energy.

In the case of Fig. 3(a) where the incident molecule
is captured by the liquid phase, the molecule repeats
the collisions several times within the interphase zone
and loses its kinetic energy. Through some collisions
the kinetic and potential energies approach to the
mean values of the liquid-film system, then the process
of phase transformation from the vapor to the liquid is
completed. In the case of reflected molecules as shown
in Fig. 3(b) and (c), on the other hand, we can see a
small number of collisions. It is therefore understood
that the collisions repeated in the interphase zone raise
the probability of condensation. Our previous study
[19] also indicated that the first collision occurring at
the outer location of the interphase zone reduces the
iterative collision due to the low density and increases
the probability of reflection.

3.2. Condensation coefficient

The condensation coefficient is defined as the frac-
tion of incident molecules which condense on the
liquid surface. By counting the number of the con-
densed case in the injection simulation, the conden-
sation coefficients are obtained for all incident
conditions. The results are plotted in Fig. 4 as a func-
tion of normal component of initial incident energy
Ei, .. The figure includes the data for the surfaces of
120 and 130 K obtained using a different method
described later. Although the value of the condensation
coefficient for the surface of 84 K is close to unity, we
can see that the increase of surface temperature
reduces the condensation coefficient. The decrease is
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Fig. 4. Condensation coefficient as a function of translational
energy.

significant for the smaller energy and the condensation
coefficient increases with the energy. Judging from the
collision behavior of molecules, this is because that the
incident molecule is easily reflected if the surface mol-
ecules have a larger kinetic energy compared with the
incident molecule. It is also considered that the vapor
molecules with large kinetic energy can penetrate the
interphase zone which enable them to repeat the col-
lisions with the surface molecules and increase the con-
densation probability.

Based on the simulation results that the conden-
sation coefficient increases with the normal component
of translational energy and decreases with the increase
of system temperature, regression curves expressed by
the following formulation are applied for the conden-
sation coefficient o

acza{l—ﬁ exp(—%)} ?2)

where o and f are constants to be determined by the
regression. The results are presented in Fig. 4 by the
solid lines and they show good agreement with the
results of the molecular dynamics simulation. The par-
ameters o and f are shown in Table 1.

Table 1
Parameters of condensation coefficient in Eq. (2)

Temperature, T, [K] o p

84 0.971 0.086
90 0.935 0.220
102 0.923 0.299
120 0.750 0.388
130 0.685 0.554
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Fig. 5. Energy losses of reflected molecules at 84 and 102 K surfaces.

3.3. Energy change of reflected molecule

Information concerning the reflected molecules is
also necessary as a boundary condition for the molecu-
lar kinetics in the vapor phase. Fig. 5 shows energy
losses —AE of the reflected molecules in the simu-
lations for 84 and 102 K; here the energy change AFE is
calculated as the energy difference between the energy
E,y at the time when the reflected molecule goes out
from the simulation cell and the initial incident energy
E,,, i.e. AE=Ey,—E;,. The upper figures are for the
surface-normal component AE, and the lower figures
for the tangential component AE._,. The negative
values in Fig. 5 mean that the reflected molecules
obtained the energy from the surface molecules. It is
found in each figure that the molecules having the
small incident energy gain the energy by the collisions
with the surface molecules. The molecules with larger
incident energy, on the other hand, lose most of their
energy since they have a large possibility to repeat the
collisions in the interphase zone. There is no tendency
to conserve the energy (E,u = Ej,) at the collisions. In

each energy component, the energy losses are located
between two diagonal lines. The upper line indicates
an upper limit of energy loss, E,,=0. The lower line
is drawn by assuming the Maxwellian velocity distri-
bution for the surface temperature, that is, the reflected
molecules are assumed to be well accommodated to
the liquid surface and scattered according to the
Maxwellian. For this case, the distribution curves of
the energy losses are presented in the figures. Although
the number of data is limited because of the small
reflection rate, the data seems to be well expressed by
the energy distribution curves. Therefore, an accommo-
dation coefficient for the energy of reflected molecules
is considered to have a value of unity and this is sup-
ported from the results, as they repeat the collisions
with the surface molecules. Strictly speaking as for the
normal component of velocity distribution, the
Maxwellian should be modified by utilizing the evapor-
ation/condensation coefficient as shown in the next
chapter. This modification was made for the energy
distribution curves and expressed by dotted curves in
Fig. 5(a). We can see little effect of the modification.
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4. Velocity distributions and evaporation/condensation
coefficient

4.1. Measurements of velocity distributions

Equilibrium simulations with evaporation and con-
densation have been carried out for the systems of 102,
120 and 130 K, in order to study the velocity distri-
butions of evaporated and reflected molecules and
their relations to the evaporation/condensation coef-
ficient. The condensation coefficient and the evapor-
ation coefficient should coincide with each other at the
equilibrium state. The molecular dynamics simulations
were carried out for another duration of 1200-5000 ps
after formulating the equilibrium liquid-film system
and molecules crossing several planes parallel to the
surface were measured. Fig. 6 shows the numbers of
molecules counted in the simulation of the 102 K sys-
tem. Nj, and N, denote the numbers of crossing mol-
ecules inward from the bulk vapor and outward from
the liquid surface, respectively. Since both numbers are
almost equal in each z-location, it is confirmed that the
system is in a thermal equilibrium state.

The number of evaporated molecules, which are
emitted from the liquid phase, is estimated by subtract-
ing the reflected molecules at the liquid surface from
the molecules crossing away from the closer plane
z = 17.03 and 80.27 A) to the liquid film. The number
in parenthesis in Fig. 6 indicates the reflected mol-
ecules out of the incoming N;,. We can see the number
of evaporated molecules decreases with distance from
the liquid surface. The number of molecules are sum-
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Fig. 7. Histograms of leaving molecules from z = 17.03 and
80.27 A in 102 K system.

marized in the form of a histogram as shown in Fig. 7.
Here, three components of velocity V., V,, V. are con-
sidered separately and the evaporated molecules are
depicted by shadings in the histogram. It is understood
that the leaving molecules consist of evaporated and
reflected molecules and we can estimate the ratio of
evaporated molecules to the leaving molecules in each
velocity range. From the ratio, the evaporation coef-
ficient will be obtained as a function of velocity in the
next section.

Fig. 8 shows the velocity distribution functions of all
leaving, evaporated and reflected, molecules for a com-
parison with the Maxwellian velocity distribution given
by the following forms:
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For the tangential components of velocity V', and V,
in Fig. 8 (a), all distribution functions are consistent
with the Maxwellian and there is no marked difference
between three kinds of molecules (all leaving, evapor-
ated and reflected molecules). For the normal com-
ponent V., however, we can find some systematic
differences in the velocity distributions. Although the
velocity distribution for all leaving molecules is well
expressed by the Maxwellian distribution, the evapor-
ated and reflected molecules show different distri-
butions. The distribution function for the evaporated
molecules is larger than the Maxwellian in the large
velocity region but is smaller in the low velocity
region. On the contrary, the reflected molecules show a
higher distribution density than the Maxwellian in the
low velocity region and a smaller density in the large
velocity region. In other words, most leaving molecules
with the large normal component of velocity are the
evaporated molecules, but those leaving molecules with
smaller velocity are reflected molecules. The results
presented here are for the 102 K system; however, this
study has included the 120 and 130 K systems and
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Fig. 9. Comparison of evaporation coefficient with conden-
sation coefficient.

their results are qualitatively the same. Since these sys-
tematic characteristics on the evaporated and reflected
molecules should be considered in the kinetic theory
for the interphase mass transfer, the expressions of the
velocity distributions will be shown by introducing the
evaporation coeflicient defined as a function of vel-
ocity.

4.2. The evaporation coefficient and velocity distribution

functions

Evaporation coefficient has been used to compensate
the difference between the molecular flux due to real
evaporation and the predicted flux based on the kinetic
theory assuming the Maxwellian. If the evaporation
coefficient has a value of unity, therefore, all leaving
molecules are the evaporated and their velocity distri-
bution is given by the Maxwellian velocity distribution.
In accordance with the definition of the evaporation
coefficient, the fraction of evaporated molecules to all
leaving molecules is obtained in each velocity region.
Typical results are plotted in Fig. 9 as a function of
the normal component of translational energy, which
is obtained from the histogram presented in Fig. 7 for
the system of 102 K. The evaporation coefficient
increases with the normal component of the transla-
tional energy in a similar way to the condensation
coefficient. The dependency of the evaporation coef-
ficient on the normal component of translational
energy indicates that the molecules having a large nor-
mal component of kinetic energy can easily escape
from the influence of the liquid surface, while it is diffi-
cult for molecules with smaller energy.

The evaporation coefficient has the same value as
the condensation coefficient under the thermal equi-
librium condition. From this viewpoint, the results on
the evaporation coefficient in the 102 K system are
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compared in Fig. 9 with Eq. (2) for the condensation
coefficient obtained in the injection simulations. The
solid line is the condensation coefficient. We can see a
good agreement between them, while some differences
are seen in the higher energy regions. The reason for
the discrepancy is understood from Fig. 7: that the
number of molecules in the higher energy region was
not enough to compare with the results from the injec-
tion simulation. However, in the other region there is
no marked difference between them because there are
enough samples. By considering the limitation of
sample number, the condensation coefficient, Eq. (2)
with «=0.923 and $=0.299, is recommended as the
evaporation coefficient for the 102 K system. The con-
densation coefficients in Fig. 4 for the system tempera-
ture of 120 and 130 K are the evaporation coefficients
obtained from the measurement of velocity distri-
butions at the equilibrium state. In these higher tem-
perature cases, evaporation and condensation become
more active, so we get enough molecules to evaluate
the evaporation coefficient.

Finally, relations between the condensation/evapor-
ation coefficient and the velocity distribution functions
of evaporated and reflected molecules will be discussed.
By utilizing the condensation/evaporation coefficient in
the form of Eq. (2) and by considering the definition
that the evaporation coefficient is the ratio of evapor-
ated molecules to the molecules estimated by the
Maxwellian, we obtain the following velocity distri-
bution functions for the evaporated and reflected mol-
ecules, respectively:

Fo— 1-p exp(—me/(2kT))< m )Vz

) 1—p/2 kT,

exP( - ’;kVTz ) 5)
Fo— loatob exp(—mV?/(Zch)>< m )V
—a+ap/2 7))

eXp( - quVTz> ©)

Here, the Maxwellian velocity distribution was modi-
fied by a, for evaporated and (1—a.) for reflected mol-
ecules, and the normalization procedures were
performed to be the probability density functions.

Fig. 8(b) includes these distribution functions for the
case of 102 K system with parameters «=0.923 and
£=0.299, and the comparison shows that these
equations can express the behavior of evaporation and
reflection at the liquid surface. The expressions of Egs.
(5) and (6) and the condensation/evaporation coeffi-
cient of Eq. (2) are considered to be important and
useful as the boundary conditions for the kinetics of

interphase mass transfer since they include the effects
of molecular motion on condensation, evaporation and
reflection.

5. Conclusion

The condensation and evaporation behaviors at the
liquid-vapor interphase have been studied using the
molecular dynamics method for the argon molecule
system. The effects of translational motion on the con-
densation and evaporation coefficients were investi-
gated to obtain the boundary conditions for the
interphase mass transfer rate. The following con-
clusions have been derived:

1. The condensation/evaporation coefficient of mona-
tomic molecules depends on their surface-normal
component of translational energy. The vapor mol-
ecules with smaller incident energy are -easily
reflected by the surface molecules and the surface
molecules with smaller energy cannot escape from
the liquid surface. At elevated surface temperatures,
the condensation/evaporation coefficient decreases
due to the increasing ability of reflection by the sur-
face molecules. The expression for the conden-
sation/evaporation was presented as a function of
the normal component of translational energy and
the surface temperature.

2. All leaving molecules outward from the liquid phase
which consist of evaporated and reflected molecules,
show the Maxwellian velocity distribution under the
thermal equilibrium condition. But the velocity dis-
tributions of the evaporated and reflected molecules
deviate from the Maxwellian in the normal com-
ponent of their velocity. The deviations are closely
related to the dependency of the condensation/evap-
oration coefficient on the translational motion of
molecules, and we obtained the velocity distribution
functions for the evaporated and reflected molecules
by modifying the Maxwellian with the use of the
condensation/evaporation coefficient.
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