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Abstract Using molecular dynamics simulations, the present
study investigates the precise characteristics of evaporating
and reflecting monatomic molecules (argon) composing a
kinetic boundary condition (KBC) in a vapor–liquid equi-
libria. We counted the evaporating and reflecting molecules
utilizing two boundaries (vapor and liquid boundaries) pro-
posed by the previous studies (Meland et al., in Phys Flu-
ids 16:223-243, 2004, and Gu et al., in Fluid Phase Equilib-
ria 297:77-89, 2010). In the present study, we improved the
method using the two boundaries incorporating the concept
of the spontaneously evaporating molecular mass flux. The
present method allows us to count the evaporating and re-
flecting molecules easily, to investigate the detail motion of
the evaporating and reflecting molecules, and also to eval-
uate the velocity distribution function of the KBC at the
vapor–liquid interface, appropriately. From the results, we
confirm that the evaporating and reflecting molecules in the
normal direction to the interface have slightly faster and sig-
nificantly slower average velocities than that of the Maxwell
distribution at the liquid temperature, respectively. Also, the
stall time of the reflecting molecules at the interphase that
is the region in the vicinity of the vapor–liquid interface is
much shorter than those of the evaporating molecules. Fur-
thermore, we discuss our method for constructing the KBC
that incorporates condensation and evaporation coefficients.
Based on these results, we suggest that the proposed method
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is appropriate for investigating KBC in various nonequilib-
rium states or multi-component systems.

1 Introduction

With progression of advanced technologies using net evap-
oration/condensation [1,2], heat and mass transfer between
liquid and vapor phases has become very important in re-
cent years from the viewpoints of molecular and micro-scale
mass transfer. Net evaporation and condensation originate
from molecules outgoing from and colliding onto a vapor–
liquid interface. Molecular gas dynamics (MGD) based on
the molecular velocity distribution function, which is gov-
erned by the Boltzmann equation, is capable of describing
vapor flows in the vicinity of the interface. In the analysis of
MGD, the kinetic boundary condition (KBC) at the vapor–
liquid interface for the Boltzmann equation plays an essen-
tial role in the region near the interface [3–6]. The key phys-
ical processes for molecules at the interface are evaporation
and reflection, because KBC is composed of molecules out-
going from the interface entering the vapor phase. KBC in
a vapor–liquid equilibrium state or a weak nonequilibrium
state (under a weak net condensation or evaporation) is writ-
ten as follows [7,8]:

fout = ρout f̂
∗
out =

ρout

(
√

2πRTℓ)3
exp

(
−

ξ 2
x +ξ 2

y +ξ 2
z

2RTℓ

)
, (1)

for ξz > 0,

whereρout in Eq. (1) is the vapor density composed of out-
going molecules from the interface entering the vapor phase,
f̂ ∗out is the normalized Maxwell distribution at liquid temper-
atureTℓ, R is the gas constant, andξx, ξy, andξz are the
molecular velocities along thex−,y−, andz−physical axes,
wherez is the direction normal to the interface andx andy
are tangential to the interface. The positiveξz is the molec-
ular velocity from the interface to the vapor phase.



2 Kazumichi Kobayashi et al.

In weak nonequilibrium states,ρout is written asρout =
αeρ∗+(1−αc)σ [7,8], whereρ∗(Tℓ) is the saturated vapor
density,αe andαc are the evaporation and condensation co-
efficients, respectively, andσ is the parameter having the
unit of density. The definitions ofαe, αc, and σ are dis-
cussed in Sec.3.4. In contrast, in vapor–liquid equilibrium
states,ρout becomes the saturated vapor density.

Equation (1) is determined from the evaporation and re-
flection of molecules at the interface. Hence, using the ve-
locity distribution functions of the evaporating and reflecting
molecules,fevapand fref, Eq. (1) can be rewritten as

fout = fevap+ fref = ρevapf̂evap+ρref f̂ref, for ξz > 0, (2)

whereρevapandρref are the densities of the vapor composed
of evaporation and reflection molecules, respectively, and
f̂evap and f̂ref are the normalized velocity distribution func-
tions of the evaporating and reflecting molecules, respec-
tively.

Several studies have been performed to determine the
rate of evaporation and reflection of molecules based on
molecular dynamics (MD) simulations (see, for example,
Refs. [9–20]). As one of the methods to avoid the ambigu-
ities introduced in the process of assigning evaporating or
reflecting molecules based on MD simulations, a concept of
spontaneous evaporation was assumed [12], and the molecu-
lar mass flux due to spontaneous evaporation was confirmed
with MD simulation based on virtual-vacuum evaporation
[10,12]. According to this assumption, the mass flux of spon-
taneously evaporating molecules depends only on the liquid
temperature.

Here, the presence of spontaneously evaporating molecules
in various equilibrium or nonequilibrium states is just an as-
sumption; whether spontaneous evaporation of molecules in
vapor–liquid equilibrium and nonequilibrium states actually
occurs is not yet to be observed. Also, for binary mixtures, it
is difficult to demonstrate spontaneous evaporation because
it is not easy to maintain a constant mass concentration in a
solution with virtual-vacuum evaporation, and the value of
the evaporation coefficient is ambiguous (see, for example,
Ref. [21]). Furthermore, for KBC, the velocity distribution
function or the related molecular mass fluxes must be evalu-
ated in the bulk vapor phase in the vicinity of the bulk liquid
phase (defined below). However, in previous MD simula-
tions, there were ambiguities for the positions of evaluating
the velocity distribution function or related molecular mass
fluxes. Thus, an alternative method should be urgently de-
veloped to obtain the evaporating molecular mass flux with-
out using virtual-vacuum simulations and to understand the
detailed behavior of evaporating and reflecting molecules re-
lated KBC in various equilibrium or nonequilibrium states.

Hence, in this study, we carefully investigate the char-
acteristics of evaporation and reflection of molecules related
to KBC using a method for counting the evaporating and re-
flecting molecules in the vapor–liquid equilibria. This method
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Fig. 1 (a) Snapshot of the MD simulation system at initial condition.
Red spheres denote argon molecules. (b) Schematic of the vapor–liquid
interface. The red circles denote the evaporating molecules, the green
circles denote the reflecting molecules, and the blue circles denote the
condensation molecules.

uses the vapor and liquid boundaries as shown in Fig. 1.
The concept of using two boundaries was proposed by Me-
land et al. [13] and Gu et al. [14]. We improved the method
incorporating the concept of the spontaneously evaporating
molecular mass flux. Furthermore, the construction method
of KBC, which includes the evaporation and condensation
coefficients, as shown in Eq. (1), is discussed using the re-
sults of the present MD simulation.

2 Methods

2.1 Equilibrium simulation

In this section, we describe a method for vapor–liquid equi-
librium MD simulations for argon molecules. A system com-
posed of 4000 molecules was considered in a simulation box
with dimensionsLx × Ly × Lz at a temperatureT = 85 K
(the low temperature case for argon molecules in a vapor–
liquid equilibrium state), whereLx = 5 nm,Ly = 5 nm, and
Lz = 33 nm (see Fig. 1(a)). Around the center of thezdirec-
tion (Lz = 16.5 nm), a plane liquid film is formed. Periodic
boundary conditions were imposed on the simulation system
ends in all three directions.
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For the intermolecular potential of argon molecules at
85 K, we used a 12–6 type Lennard-Jones potential:

φ(r) = 4ε
[(

a
r

)12

−
(

a
r

)6]
, (3)

where the particle diametera is 3.405Å, the potential depth
ε/k is 119.8 K, andk is the Boltzmann constant. Newton’s
equations of motion for the molecules in the system were
solved by the leap–frog method. The cutoff radius was set
to 15 Åin accordance with the previous studies [6,12], al-
though it may be too short not to consider specific long-
range interactions taking the extreme inhomogeneity of the
two-phase system into account [22].

The initial condition was obtained from the temperature–
control simulation [23] of the system. After the system reached
the vapor–liquid equilibrium state, we performed the equi-
librium simulation without temperature control. The time in-
crement was 5 fs, and the sampling period was 1 ps (200
time steps). To obtain the precise values of the macroscopic
variables and the velocity distribution function, the simula-
tion continued until 200 ns. The densities of vapor and liq-
uid obtained from the present simulation are 5.0 kg/m3 and
1390 kg/m3, which agree with the experimental ones [24].
As shown in Fig. 1(a), there are two vapor–liquid interfaces.
Hence, we analyze the molecular behavior by replicating the
simulation results of the left half of the simulation box as
shown in Fig. 1(b).

2.2 Counting of molecules in the interphase

As shown in Fig. 1 (b), the bulk vapor and liquid phases
contain the vapor and liquid boundaries, respectively. The
region between the two boundaries is called theinterphase.
The concept of using two boundaries was discussed by Me-
land et al. [13] and Gu et al. [14]. This method allows the
counting of evaporating and reflecting molecules at the va-
por boundary. The definitions of both boundaries are im-
portant for counting molecular mass fluxes in MD simu-
lations (Fig. 1 (b)). The evaporating molecular mass flux,⟨
Jevap

⟩
, was computed from the number of molecules cross-

ing from the liquid boundary to the vapor boundary, where
⟨ ⟩ denotes the time average. Conversely, the condensation
molecular mass flux,⟨Jcond⟩, was computed from the num-
ber of molecules crossing from the vapor boundary to the
liquid boundary. The reflecting molecular mass flux,⟨Jref⟩,
was computed from the number of molecules crossing the
vapor boundary twice without crossing the liquid boundary
as shown in Fig. 1 (b). These molecular mass fluxes were
computed as

⟨J⟩= 1
ns

∑
ns

m∆N
S∆ t

, (4)

wherens is the sampling number,∆N is the number of each
molecule crossing the boundary during the time∆ t, m is the
mass of a molecule, andS is the cross-section area of the
boundary. The outgoing molecular mass flux,⟨Jout⟩, and col-
liding molecular mass flux,⟨Jcoll⟩, are computed as⟨Jout⟩=⟨
Jevap

⟩
+⟨Jref⟩ and⟨Jcoll⟩= ⟨Jcond⟩+⟨Jref⟩, respectively. We

use the termcolliding in accordance with the previous stud-
ies [7,12,13]. In this study, thecolliding molecules mean the
molecules having the velocities from the vapor phase to the
liquid phase at the vapor boundary.

To utilize the above counting method, the positions of
the vapor and liquid boundaries are important. Meland et
al. [13] used the Soave–Redlich–Kwong (SRK) equation of
state to determine the vapor boundary, as well as the geomet-
rical method to determine the liquid boundary. Gu et al. [14]
evaluated the boundaries using a spherical volume of inter-
acting molecules from their MD simulation. In the present
study, we determined the positions of the boundaries as fol-
lows.

First, we determined the position of the vapor boundary
on the basis of our recent results [6,7]. This position was
considered as the position of the KBC for the Boltzmann
equation. Here, we introduced the new coordinate [12]:

z∗ =
z−Zm

δ
, (5)

whereδ is the 10–90 thickness of the density transition layer
(in this simulation,δ became 6.33̊A). The center position,
Zm, of the density transition layers is shown in Fig. 1 (b).
Based on the previous studies [6,7], the vapor boundary po-
sition was defined in the range of 2.0< z∗ < 4.0. Thus, we
usedz∗ = 3.0 in this simulation.

Next, the position of the liquid boundary was determined
using the value of the spontaneously evaporating molecu-
lar mass flux with the virtual-vacuum evaporation simula-
tion [25]. The details are discussed in Sec. 3.1. In the limit
of vacuum evaporation,

⟨
Jevap

⟩
obtained from the present

method takes the same value as the spontaneously evaporat-
ing molecular mass flux.

3 Results

3.1 Evaporating molecular mass flux at the vapor boundary

First, we confirmed that the obtained molecular mass fluxes
reached the steady equilibrium state, thereby eliminating the
influence of the initial condition of the molecules after the
temperature–control simulation. Figure 2 shows (a) the time
evolution of the number of molecules initially in the inter-
phase, and (b) the time evolution of the evaporating molecu-
lar mass flux. As an example, we show the result for the po-
sitions of the vapor and liquid boundaries set atz∗ = 3.0 and
z∗ = −3.0, respectively. The evaporating molecular mass
flux was the time averaged value over 1 ns.
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Fig. 2 Elimination of the initial condition. (a) Time evolution of num-
ber of molecules initially in the interphase for a vapor–liquid equi-
librium state. (b) Time evolution of evaporating molecular mass flux.
Each result was obtained for the vapor and liquid boundaries atz∗ = 3.0
andz∗ =−3.0, respectively.
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Fig. 3 Evaporating molecular mass flux at the vapor boundary. The
red circles denote the evaporating molecules. The vapor boundary is at
z∗=3.0.

Based on the result shown in Fig. 2(a), we confirmed
that the number of molecules in the interphase at the ini-
tial condition became zero at 4.65 ns (see enlarged view of
Fig. 2(a)). At this time, all molecules initially in the inter-
phase moved out into the liquid or vapor phase. Further-
more, after 4.65 ns, the evaporating molecular mass flux be-
came approximately constant within statistical error [Fig. 2(b)].
Thus, after 4.65 ns, the time-averaged values of the molec-

ular mass fluxes were taken. For the other cases where the
liquid boundary was set to a different position, the same pro-
cedure was adopted.

Figure 3 shows the evaporating molecular mass flux as a
function of the position of the liquid boundary. The dashed
line is the spontaneously evaporating molecular mass flux
under the virtual-vacuum simulation [25]. The position of
the vapor boundary was set toz∗ = 3.0 in all cases. For the
evaporating molecules in the equilibrium state, as the po-
sition of the liquid boundary moved toward the bulk vapor
phase, the value gradually increased to that of⟨Jout⟩ (=26.41
g/cm2s) atTℓ = 85 K (when the liquid boundary reached the
position of the vapor boundary,

⟨
Jevap

⟩
became⟨Jout⟩ by the

definition of this method). Here, once the position of the liq-
uid boundary is specified, the value of

⟨
Jevap

⟩
is determined

as shown in Fig. 3. The value of⟨Jref⟩ also changes with the
position of liquid boundary. However, it should be empha-
sized that⟨Jout⟩ still keeps the constant value regardless of
the position of the liquid boundary (⟨Jout⟩ is obtained only
from the vapor boundary).

Furthermore, from Fig. 3, when the position of the liquid
boundary wasz∗ ≃−1.0, the spontaneously evaporating and
evaporating molecular mass fluxes were equal to each other.
Hence, in this study, we determined the position of the liq-
uid boundary atz∗ = −0.9 in accordance with the value of
spontaneously evaporating molecular mass flux. Hereafter,
we investigated the molecular behavior at the vapor bound-
aryz∗ = 3.0 with the liquid boundary set atz∗ =−0.9.

3.2 Evaporating and condensing molecules at the vapor
boundary

In the vapor–liquid equilibrium state, the evaporating and
condensing molecular mass fluxes are evenly balanced. Thus,
we investigated the characteristics of these molecules at the
vapor boundary [Fig. 4(a)].

Figure 4(b) shows the normalized velocity distribution
functions in thez direction for evaporating and condensing
molecules. In the present method, the velocity distribution
function was measured by the surface perpendicular to the
z axis; evaporating molecules only had positive velocities
in the z direction, and the result was shown as a function
of ξz f̂ z

evap, where f̂ z
evap is the normalized velocity distribu-

tion function of evaporating molecules in thezdirection. On
the other hand, the condensing molecules had negative ve-
locities, as shown in Fig. 4(a). Thus, to facilitate compar-
ison, we denoted the absolute value of the velocity of the
condensing molecules as|ξz| so that the measured velocity
distribution function became|ξz| f̂ z

cond(|ξz|), where f̂ z
cond is

the normalized velocity distribution function of condensing
molecules in thez direction. The abscissa of Fig. 4(b) is the
molecular velocity normalized asζz = ξz/

√
2RTℓ. The total

sampling number of evaporating molecules,Nevap, is 35046.
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Fig. 4 Comparison of the evaporating and condensing molecules at
the vapor boundaryz∗ = 3.0. (a) Schematic of the definition of evapo-
rating and condensing molecules. (b) Normalized velocity distribution
function of evaporating and condensing molecules in thez direction.
(c) Stall time of evaporating and condensing molecules in the inter-
phase between the liquid and vapor boundaries. The total sampling
numbers of evaporating and condensing molecules areNevap= 35046
andNcond= 35002.

This sampling number is approximately the same as that of
the condensing molecules,Ncond= 35002.

From Fig. 4(b), we can see that the normalized veloc-
ity distribution functions of the evaporating and condensing
molecules coincide with each other. Moreover, the veloc-
ity distribution functions of the evaporating and condens-
ing molecules were almost the same as the Maxwell distri-
bution at a liquid temperature of 85 K. However, the tem-
peratures of the velocity distribution functions were slightly
higher than that of the Maxwell distribution: a temperature
of approximately 89.5 K was obtained from the nonlinear
least square method, which leads to the increase of average
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Fig. 5 Normalized velocity distribution functions in thex andy direc-
tions for evaporating molecules at the vapor boundaryz∗ = 3.0.

velocity of evaporating or condensing molecules. Accord-
ing to the recent studies [16–18], when molecules evaporate
or condense at the interface, the translational energy of the
molecules becomes higher than that of molecules in the bulk
phase. Also, the increasing of the temperature obtained from
the velocity distribution function of evaporating molecules
was reported [11,18], which agrees with the present results.

To elucidate the characteristic behaviors of molecules,
we investigated the stall time, which is the time for which
evaporating and condensing molecules remained in the in-
terphase between the liquid and vapor boundaries (Fig. 4(c)).
The abscissa is the stall time and the ordinate is the numbers
of evaporating and reflecting molecules normalized byNevap

andNcond, respectively. As shown in Fig. 4(c), the evaporat-
ing and condensing molecules have the maximum number at
0.04 ns and the tendency of these molecules coincide with
each other. Consequently, we can confirm that the system
attained a vapor–liquid equilibrium state using the present
method.

Figure 5 shows the normalized velocity distribution func-
tion of the evaporating molecules in thex andy directions at
the vapor boundary, wherêf x

evap and f̂ y
evap are the velocity

distribution functions of the evaporating molecules in the
x and y directions, respectively. From this figure, we see
that these velocity distribution agreed with the normalized
Maxwell distribution at the liquid temperature of 85 K. This
result takes the same tendency of the spontaneously evap-
orating molecules obtained in the previous studies [12,26].
Hence, hereafter, we will discuss the velocity distribution
function in thez direction normal to the boundary.

3.3 Reflecting molecules at the vapor boundary

We considered two normalized velocity distribution func-
tions of reflecting molecules in thez direction [Fig. 6(a)]:
f̂ z+
ref is the normalized velocity distribution function of re-

flecting molecules after reflection from the interphase, and
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f̂ z−
ref is that of molecules before reflection from the inter-

phase, wherêf z−
ref is shown as an absolute velocity to facili-

tate comparison|ξz| f̂ z−
ref (|ξz|). Moreover, the total sampling

number of reflecting molecules,Nref, was 4702 in the present
equilibrium simulation.

Figure 6(b) shows the normalized velocity distribution
function of reflecting molecules. From this figure, we can
see that these velocity distributions have a lower velocity
than the normalized Maxwell distribution at the liquid tem-
perature (i.e., the decrease of average velocity of reflect-
ing molecules). For̂f z+

ref , the results for velocity distribution
functions obtained by other measurement methods showed
a similar tendency, as shown in Refs. [11,18]. Furthermore,
before and after the reflection of the molecules, we found
that the velocity distribution functions in thez direction al-
most coincide with each other.

To investigate molecular reflection in more detail, the
stall time of reflecting molecules was measured. Figure 7(a)
shows the stall times of reflecting and evaporating molecules.
From this figure, we see that the number of reflecting molecules
with shorter stall times exceeded the number of evaporating
molecules with such stall times. The reflecting molecules
with longer stall times may have been reflected by multi-
particle collisions, as discussed in Ref. [11].
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time for reflecting and evaporating molecules inside the interphase be-
tween the liquid and vapor boundaries. (b) Reflection position of vapor
molecules in the interphase. The total sampling number of reflecting
molecules,Nref, is 4702.

From the perspective of MGD, the interaction time of
the reflecting molecules (in this simulation, we define the
interaction time as stall time of reflecting molecules) is neg-
ligibly small and molecular reflection is an instantaneous
phenomenon [3,4]. The characteristic time is the mean free
time of vapor molecules in MGD. In this simulation, the
mean free time of the vapor was about 0.137 ns, and the
interaction time of almost all the reflecting molecules was
smaller than the mean free time;fout composed of the re-
flecting molecules obtained from the present method was
appropriate as the KBC of the Boltzmann equation.

We also investigated the reflection positions of molecules
inside the interphase (Fig. 7(b)). The reflection position was
defined as the maximum arrival position in thez−direction
of reflection molecules in the interphase. The ordinate was
normalized by the total number of reflecting molecules,Nref=
4702, for each position. From this figure, we see that many
reflecting molecules were reflected in the vicinity of the va-
por boundary and more than 75% of the reflecting molecules
were reflected in the range of 0.0 < z∗ < 3.0. Recently, it
was reported that the velocity distribution offout becomes
anisotropic distribution during strong net condensation due
to the incomplete accommodation between the liquid and re-
flecting molecules [6,7,27]. The reflection position andf̂ z−

ref
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relate to the accommodation process. Thus, the mechanism
of the incomplete accommodation can be clarified by utiliz-
ing the present method for the nonequilibrium simulations.

3.4 Kinetic boundary conditions and the evaporation and
condensation coefficients

Hereafter, we derived Eq. (1) from Eq. (2) using the defi-
nitions of the evaporation and condensation coefficients. As
shown in the previous sections, we showed thatf̂ z

evap and

f̂ z+
ref deviate from the normalized Maxwell distribution at the

liquid temperature. Some studies introduce the accommo-
dation coefficient to discuss the deviation (for example, see
Ref. [28]), and treat the KBC as a linear combinationfevap

and fref. While it is one of the approaches, iffevap and fref

are combined into one asfout, the analysis of the Boltzmann
equation will be facilitated.

From Eq. (2), we could obtain the following mass flux
relation using the definitions of the molecular mass fluxes:∫

ξz>0
ξz foutdξ = ⟨Jout⟩ ,

∫
ξz>0

ξz fevapdξ =
⟨
Jevap

⟩
,∫

ξz>0
ξz frefdξ = ⟨Jref⟩ ,

where
∫

ξz>0dξ denotes
∫ ∞

0

∫ ∞
−∞

∫ ∞
−∞ dξxdξydξz. Hence

⟨Jout⟩=
⟨
Jevap

⟩
+ ⟨Jref⟩ , (6)

where⟨Jout⟩ is written as⟨Jout⟩=ρout
√

RTℓ/2π from Eq. (1).
The collision molecular mass flux,⟨Jcoll⟩, is defined as fol-
lows [3]:

−
∫

ξz<0
ξz fcolldξ = σ

√
RTℓ
2π

= ⟨Jcoll⟩ , (7)

where fcoll is the velocity distribution function of colliding
molecues to the interface, and

∫
ξz<0dξ denotes

∫ 0
−∞

∫ ∞
−∞

∫ ∞
−∞

dξxdξydξz. The velocity distribution function of the whole
molecular velocity space of vapor at the interface,f , is f =
fcoll + fout. By using⟨Jcoll⟩, Eq. (6) is written as

ρout =

⟨
Jevap

⟩
ρ∗

√
RTℓ
2π

ρ∗+
⟨Jref⟩
⟨Jcoll⟩

σ , (8)

where evaporation coefficient,αe, and condensation coefi-
cient,αc, are defined as [6,12,7]

αe =

⟨
Jevap

⟩
ρ∗

√
RTℓ
2π

, αc =
⟨Jcond⟩
⟨Jcoll⟩

=
⟨Jcoll⟩−⟨Jref⟩

⟨Jcoll⟩
. (9)

In this definition,αe is the function of only liquid temper-
ature if

⟨
Jevap

⟩
is the spontaneously evaporating molecu-

lar mass flux and only depends on the liquid temperature.
From Eqs. (8) and (9), we obtained the density in Eq. (1)
asρout = αeρ∗ +(1−αc)σ . Hence, we can derive Eq. (1)
from Eq. (2). As shown above, the deviations of the velocity
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Fig. 8 Normalized velocity distribution function in thez direction for
outgoing molecules composed of evaporating and reflecting molecules
at the vapor boundaryz∗ = 3.0.

distribution functions,f̂ z
evapand f̂ z

ref (or f̂ z
cond), from the nor-

malized Maxwell distribution at the liquid temperature are
included in the evaporation and condensation coefficients.

It is emphasized that we can construct the KBC of Eq. (1)
knowing only

⟨
Jevap

⟩
, ⟨Jcond⟩ (or ⟨Jref⟩), and⟨Jcoll⟩ to deter-

mine the values ofαe andαc in a vapor–liquid equilibrium
or weak nonequilibrium state. As shown in Fig. 3, the values
of

⟨
Jevap

⟩
and⟨Jref⟩ change depending on the position of the

liquid boundary, which leads to the changes of the values of
αe andαc. However,⟨Jout⟩ keeps the constant value and the
functional form of Eq. (1) does not change. Hence, even if
we choose the other position of liquid boundary, the correct
values of mass, momentum, and energy fluxes are obtained
from the fout constructed by the above procedure. Further-
more, if the vapor–liquid system is in the strong nonequilib-
rium state, the present procedure can be adopted whenf̂ z

out
is the normalized Maxwell distribution at the liquid temper-
ature.

Here, as an example, we constructedf̂ z
out from f̂ z

evapand

f̂ z+
ref of the present equilibrium simulation, wheref̂ z

out is the
normalized distribution function of the outgoing molecules
in the z direction, f̂ z

out = f z
out/ρ∗, whereσ becomesρ∗ in

the equilibrium state. Figure 8 shows the normalized veloc-
ity distribution functionζz f̂ z

out constructed fromζz f̂ z
evapand

ζz f̂ z+
ref according to

ζz f̂ z
out = αeζz f̂ z

evap+(1−αc)ζz f̂ z+
ref , (10)

where the value of the evaporation coefficient became the
same as that of the condensation coefficient,αe=αc = 0.88,
in the present equilibrium MD simulation [25]. This value is
the same as that obtained by a previous virtual-vacuum MD
simulation [12]. From Fig. 8,ζz f̂ z

out agreed with the Maxwell
distribution at the liquid temperature. Hence, we constructed
the Maxwell distribution,ζz f̂ z

out, from ζz f̂ z
evapandζz f̂ z+

ref .
In our previous study [7,8], we showed that the veloc-

ity distribution of fout becomes the Maxwell distribution at
the liquid temperature during weak net evaporation and con-
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densation, as shown in Eq. (1). Furthermore, the evaporation
and condensation coefficients during net evaporation were
obtained as

αe = αc = βne, (11)

and the evaporation and condensation coefficients during net
condensation were obtained as

αe = βne, αc =
ρ∗

σ
(αe−βnc)+βnc, (12)

whereβne and βnc are constant parameters and the values
for hard sphere molecules at liquid temperatureTℓ/Tc = 0.6
were 0.871 and 0.928, respectively, whereTc is the critical
temperature. From these results, we could see that the value
of the condensation coefficient of hard-sphere monatomic
molecules during net condensation increases withσ . On the
contrary, for the polyatomic molecules (water and methanol),
the value of the condensation coefficient decreases withσ
during net condensation in another one of our previous ex-
perimental studies [29].

Using the present procedure, the dependence ofσ on
the condensation coefficient during net condensation can be
clarified for various molecules from the view point of the
molecular scale, and we can confirm whether spontaneously
evaporating molecular mass flux depends only on liquid tem-
perature in various nonequilibrium state. Furthermore, we
can determine the KBC for binary mixture problems with-
out using virtual-vacuum simulation [21].

3.5 Comparison between the present and previous MD
simulations

We summarize the differences between the present and pre-
vious MD simulations.

As already mentioned above, the most important differ-
ence between the present and previous MD simulations is
the evaluation position of the velocity distribution function
of KBC at the vapor–liquid interface. For KBC, the veloc-
ity distribution function must be evaluated in the bulk vapor
phase in the vicinity of the bulk liquid phase [6,7]. How-
ever, in previous MD simulations [11–14,18], there were
ambiguities in the positions of evaluating the velocity dis-
tribution function or related molecular mass fluxes. On the
other hand, the position of KBC (vapor boundary position)
was defined atz∗ = 3.0 in the present study, based on our
previous studies [6,7]. According to the definition of the po-
sition of KBC, we can investigate the velocity distribution
function of evaporating and reflecting molecules and related
molecular mass fluxes accurately.

We have discussed steady phase change in equilibrium
state for only simple molecules (monatomic molecules) in
the present study. Xie et al. [16,18], Cao et al. [17] and
Louden et al. [19] investigated the phase change of poly-
atomic molecules (n-dodecane or water molecules). Gu et

al. [15] studied unsteady nonequilibrium phase change us-
ing the multiscale molecular simulation. The present method
can be adopted to the case of polyatomic molecules, un-
steady nonequilibrium phase change, and higher liquid tem-
perature. These studies are left as future works.

4 Conclusions

In the present study, we used MD simulation to investigate
the evaporation and reflection of argon molecules in the vapor–
liquid equilibrium state at 85 K. We counted the evaporating
and reflecting molecules by improving the method of vapor
and liquid boundaries proposed by the previous studies [13,
14] incorporating the concept of the spontaneously evaporat-
ing molecular mass flux. Furthermore, the present method
enabled us to evaluate the velocity distribution function of
KBC at the vapor–liquid interface, and allowed to count the
evaporating and reflecting molecules in the interphase re-
gion between the liquid and vapor boundaries, investigat-
ing the motion of molecules in detail. From the present re-
sults, we confirmed that the average velocity of the evapo-
rating molecules in the normal direction to the interface was
slightly higher than that of the normalized Maxwell distribu-
tion at the liquid temperature. These results agree with the
previous MD simulations [11,18]. We also found that the
average velocities of the molecules before and after reflec-
tion were lower than that of the Maxwell distribution at the
liquid temperature, and that the stall time of the reflecting
molecules in the interphase was shorter than that of the evap-
orating molecules. Utilizing this method, we can construct
KBC and analyze the detailed characteristics of evaporating
and reflecting molecules in various vapor–liquid nonequilib-
rium states or multi-component systems.
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