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a b s t r a c t 

In this study, an evaporation coefficient representing the evaporation rate of vapor molecules was calcu- 

lated in a vapor–gas binary mixture and non-equilibrium system using molecular dynamics simulation. 

The non-equilibrium herein refers to a state in which the net evaporation of vapor molecules occurs, and 

the calculation system is composed of vapor molecules and non-condensable (NC) gas molecules. The 

evaporation coefficient in the non-equilibrium state was demonstrated to have almost the same value as 

that in the equilibrium state. The number density of NC gas molecules around the gas–liquid interface, 

which is related to the probability that vapor molecules are prevented from evaporating owing to molec- 

ular collisions, is shown to be independent of the system state. This makes the evaporation coefficient the 

same regardless of whether the system is in equilibrium or non-equilibrium. In contrast, the evaporation 

coefficient decreased as the molar fraction of the NC gas molecules increased. The increase in the mo- 

lar fraction causes a higher number density of NC gas molecules around the gas–liquid interface, leading 

to an increase in the number of molecular collisions, which prevents vapor molecules from evaporating. 

Moreover, it was clarified that the change in the interface structure caused by the presence of NC gas 

molecules affects the velocity distribution of evaporation vapor molecules. 

© 2022 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

1. Introduction 

Molecular gas dynamics (MGD) analyses based on the Boltz- 

mann equation [1,2] enable the investigation of gas flows in the 

non-equilibrium region in the vicinity of the gas–liquid interface. 

When conducting MGD analyses of phase-change phenomena, a ki- 

netic boundary condition (KBC) representing the evaporation and 

condensation of molecules is applied to the interface [3] . In par- 

ticular, the evaporation coefficient αV 
e and the condensation coeffi- 

cient αV 
c contained in the KBC for vapor molecules are indispens- 

able parameters for accurately representing the phase change. αV 
e 

and αV 
c indicate the evaporation and condensation rates, respec- 

tively. Although several models have been proposed [3–7] , stud- 

ies on a model defined by the ratio of mass fluxes of molecules 

moving in the vicinity of the gas–liquid interface have been widely 

conducted [6,8–14] . 

∗ Corresponding author. 

E-mail address: azx@eis.hokudai.ac.jp (H. Tabe). 

The definitions of αV 
e and αV 

c , given by the ratio of the molecu- 

lar mass fluxes, are as follows: 

αV 
e = 

J V evap 

J V ∗out 

, αV 
c = 

J V 
cond 

J V 
coll 

, (1) 

where J V ∗out denotes the mass flux of vapor molecules outgoing from 

the gas–liquid interface to the gas phase in the equilibrium state, 

J V evap is the mass flux of evaporation vapor molecules, J V 
coll 

is the 

mass flux of the vapor molecules colliding with the interface, and 

J V 
cond 

is the mass flux of the condensation vapor molecules. Fig. 1 

shows the relations between molecular mass fluxes given by the 

following equations: 

J V out = J V evap + J V ref , J V coll = J V ref + J V cond , (2) 

where J V out is the mass flux of vapor molecules outgoing from the 

interface to the gas phase, and J V 
ref 

is the mass flux of the va- 

por molecules reflected in the vicinity of the interface to return 

to the gas phase. To calculate αV 
e and αV 

c , molecular-scale simu- 

lation methods have been used because obtaining the molecular 

mass fluxes from molecules irregularly moving around the inter- 

face is necessary. 

https://doi.org/10.1016/j.ijheatmasstransfer.2022.122663 

0017-9310/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

https://doi.org/10.1016/j.ijheatmasstransfer.2022.122663
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2022.122663&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:azx@eis.hokudai.ac.jp
https://doi.org/10.1016/j.ijheatmasstransfer.2022.122663
http://creativecommons.org/licenses/by-nc-nd/4.0/


H. Tabe, K. Kobayashi, H. Fujii et al. International Journal of Heat and Mass Transfer 188 (2022) 122663 

Fig. 1. Relation between molecular mass fluxes in the vicinity of the gas–liquid in- 

terface. 

Ishiyama et al. have conducted a single-component molecular 

dynamics (MD) simulation [6] to calculate the evaporation coef- 

ficient αV 
e in a virtual vacuum condition where the condensation 

of vapor molecules does not occur and only evaporation into vac- 

uum occurs. In such a condition, net evaporation occurs when the 

evaporation amount is larger than the condensation amount. They 

demonstrated that the evaporation mass flux during the net evap- 

oration hardly change from that in the equilibrium state where 

the evaporation amount was equal to the condensation amount. 

From this result, they proposed spontaneous evaporation, where 

the evaporation mass flux is a function of only the liquid tempera- 

ture [15] . This indicates that αV 
e , which can be calculated from the 

evaporation mass flux, is also a function of the liquid temperature, 

and αV 
e in the single-component system takes the same value re- 

gardless of whether the system is in the equilibrium state or the 

non-equilibrium state where the net evaporation occurs. Based on 

the concept of spontaneous evaporation, some studies have been 

conducted to calculate αV 
e and αV 

c under various system conditions 

[8,9,12–14,16–21] . 

Recently, αV 
e and αV 

c were calculated in a vapor–gas bi- 

nary mixture system composed of vapor molecules and non- 

condensable (NC) gas molecules [14,21] . In addition, the effect of 

non-condensed molecules on the evaporation of vapor molecules 

has been investigated in the form of a mass accommodation coef- 

ficient (MAC), where αV 
e = αV 

c holds [22–24] . In a binary mixture 

system, αV 
e and αV 

c of vapor molecules are defined as functions 

of the molar fraction of NC gas molecules in the liquid phase as 

well as the liquid temperature [25] . Although αV 
e and αV 

c in the bi- 

nary mixture system have been calculated under certain conditions 

of liquid temperature [14] or partial pressure of NC gas molecules 

[14,21] , they have not been calculated in the non-equilibrium state. 

As some multi-component MGD analyses have been performed for 

non-equilibrium and phase-change phenomena [26–28] , calculat- 

ing αV 
e and αV 

c in the binary and non-equilibrium systems is desir- 

able. 

The non-equilibrium indicates the state in which the evapo- 

ration amount and condensation amount do not match. Hence, 

the non-equilibrium state is classified into two types: the state in 

which the evaporation amount is larger and the state in which the 

condensation amount is larger. Net evaporation occurs under the 

former condition, as mentioned earlier, whereas net condensation 

occurs under the latter condition. 

In this study, we conducted MD simulations to calculate the αV 
e 

of vapor molecules during steady net evaporation in a binary mix- 

ture system. In particular, we proposed a computational system 

that can perform net evaporation calculations up to the extreme 

case of non-equilibrium, and investigated in detail the values of 

αV 
e and the evaporation mechanisms in several system states. 

Based on spontaneous evaporation under the virtual vacuum con- 

dition in a single-component system [6] , we focused on the non- 

equilibrium state wherein condensation of vapor molecules does 

not occur and only evaporation occurs. By calculating αV 
e in such 

a non-equilibrium state, we can clarify whether αV 
e in the non- 

equilibrium state where the net evaporation occurs takes the same 

value as in the equilibrium state even in the binary mixture sys- 

tem. We also investigated the influence of the molar fraction of 

the NC gas molecules in the liquid phase on αV 
e . From the above, 

the objectives of this study are summarized as follows: to calcu- 

late αV 
e in the non-equilibrium and binary mixture system to elu- 

cidate the influences of the system states and the presence of NC 

gas molecules on αV 
e and to clarify the mechanisms by which these 

factors affect αV 
e . 

In the binary mixture system, the non-equilibrium state with- 

out condensation indicates a state wherein evaporation into the 

gas phase composed only of NC gas molecules occurs instead of 

evaporation into vacuum. As the objective of this study is to cal- 

culate αV 
e in the non-equilibrium state caused by the mismatch 

between the evaporation and condensation amounts, other con- 

ditions such as the system temperature and states of NC gas 

molecules were controlled to remain constant as those in the 

equilibrium state. Thus, the steady and net evaporation of vapor 

molecules under constant conditions was reproduced in the cur- 

rent MD simulations. 

2. Method 

2.1. Calculation system and potential functions 

The calculation system was composed of Ar molecules as va- 

por molecules and Ne molecules as NC gas molecules. To investi- 

gate the influence of NC gas molecules on the evaporation of vapor 

molecules, simulations were performed in four cases with different 

numbers of Ne molecules. The number of Ne molecules, N Ne , was 

set to N Ne = 0 , 4,0 0 0, 8,0 0 0, and 12,0 0 0, while the number of Ar 

molecules was fixed at 12,0 0 0. 

Figs. 2 (a) and 3 (a) show the calculation systems in the cases 

of N Ne = 4 , 0 0 0 and 12,0 0 0, respectively. Blue spheres represent Ar 

molecules and yellow spheres represent Ne molecules. The liquid 

film was formed at the center of the calculation system, and gas 

phases were formed on both sides of the film. The lengths of the 

system L x , L y , and L z were 8.0, 8.0, and 175.0 nm, respectively. In 

this study, we set L z , which is considerably longer than L x and L y , 

the aim of which is explained in Section 2.4 . The periodic bound- 

ary condition was imposed in all directions of the system. 

For the intermolecular potential, the following 12-6 Lennard- 

Jones potential function was utilized: 

ϕ(r) = 4 ε 

[(
σ

r 

)12 

−
(
σ

r 

)6 
]
, (3) 

where σ denotes the molecular diameter, ε denotes the poten- 

tial depth, and r denotes the distance between two molecules. 

σAr = 0 . 3405 nm and ε Ar /k B = 119 . 8 K were applied to the Ar–

Ar intermolecular potential, and σNe = 0 . 2750 nm and ε Ne /k B = 

35 . 05 K were applied to Ne–Ne ( k B denotes the Boltzmann con- 

stant). In addition, the following parameters derived from the 

Lorentz–Berthelot mixing rules were applied to the Ar–Ne inter- 

2 



H. Tabe, K. Kobayashi, H. Fujii et al. International Journal of Heat and Mass Transfer 188 (2022) 122663 

Fig. 2. (a) Calculation system in equilibrium state with N Ne = 4 , 0 0 0 . (b) Density, temperature, and velocity fields of Ar and Ne molecules. (c) Density fields in the vicinity of 

the gas–liquid interface ( 2 ≤ z ≤ 8 ). 

Fig. 3. (a) Calculation system in equilibrium state with N Ne = 12 , 0 0 0 . (b) Density, temperature, and velocity fields of Ar and Ne molecules. (c) Density fields in the vicinity 

of the gas–liquid interface ( 2 ≤ z ≤ 8 ). 

molecular potential: 

σAr −Ne = A 

σAr + σNe 

2 

, ε Ar −Ne = B 

√ 

ε Ar · ε Ne . (4) 

To satisfy Henry’s law, which describes the relation between the 

dissolved amount and partial pressure of gas molecules, we set 

A = 1 . 01903 and B = 0 . 89554 [29] . The same setting of the poten- 

tial functions was applied in a previous study [14] . The cutoff ra- 

dius was set as 1.5 nm, and Newton’s law of motion was solved 

by the leapfrog method with the time step �t = 5 fs . The system 

temperature was set to T = 85 K . 

When establishing the equilibrium system for the initial state of 

the present MD simulations, the velocity scaling method [30] was 

applied to all molecules to maintain the system temperature at 

85 K . Macroscopic quantities such as density, temperature, and ve- 

locity fields were calculated using control volumes to confirm that 

the system reached an equilibrium state. The dimensions of the 

control volumes were L x × L y × �z nm, where �z = 0 . 1 nm . 

Figs. 2 (b) and 3 (b) show the density, temperature, and veloc- 

ity fields of Ar and Ne molecules in the calculation systems with 

N Ne = 4 , 0 0 0 and 12,0 0 0, respectively. The velocity fields were cal- 

culated by adding average molecular velocities in the x -, y -, and z- 

directions. Thus, the velocity fields should be zero over the entire 

system when the molecules are in equilibrium. The figures con- 

firm that the temperature is uniform at T = 85 K , and the velocity 

is uniform at 0 m / s for both Ar and Ne molecules. This indicates 

that the system had reached the equilibrium state. We established 

equilibrium systems in all four cases of N Ne . 

Figs. 2 (c) and 3 (c) show the density fields in the range 2 ≤ z ≤ 8 

in the cases of N Ne = 4 , 0 0 0 and 12,0 0 0, respectively. The density 

field of Ne molecules shows a peak near the gas–liquid interface, 

indicating that Ne molecules form an adsorption film on the inter- 

face. The density of the adsorption film increases as N Ne increases, 

and the same tendency for the formation of the adsorption films 

has been reported in previous studies [14,21] . In addition, the den- 

sity of Ne molecules in the liquid phase increases with an increase 

in N Ne as well as in the gas phase. This indicates that the dissolved 

amount of Ne molecules increases owing to the increase in their 

partial pressure in the gas phase. 

2.2. Classification of molecular motions 

J V evap and J V ∗out must be obtained for the calculation of αV 
e , as 

given by Eq. (1) . To separately obtain these molecular mass fluxes, 

molecules must be classified into evaporation, condensation, and 

reflection molecules, as shown in Fig. 1 . Thus, to classify molecules 

moving in the vicinity of the gas–liquid interface, we used a 

method involving setting two boundaries in the current MD sim- 

ulations. This classification method has been proposed by Me- 

land et al. [31] and Gu et al. [32] , and it has been improved by 

3 
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Fig. 4. (a) Schematic of classification method of molecules that involves setting two 

boundaries. (b) Thickness of the density transition layer δ and molar fraction φ in 

each case of N Ne . 

Kobayashi et al. [17] for calculating αV 
e and αV 

c in the binary mix- 

ture system. 

The concept of the method involving setting the two 

boundaries—the liquid boundary and the gas boundary—is shown 

in Fig. 4 (a). Using this method, molecules are classified into evapo- 

ration, condensation, and reflection molecules based on the follow- 

ing definitions. First, a molecule that passes through two bound- 

aries from the liquid phase to the gas phase is defined as an 

evaporation molecule. Second, a molecule that passes through two 

boundaries from the gas phase to the liquid phase is defined as 

a condensation molecule. Finally, a molecule that passes through 

the gas boundary from the gas phase and returns to the gas phase 

without passing through the liquid boundary is defined as a reflec- 

tion molecule. 

The positions to set the two boundaries are determined based 

on the following normalized z coordinate: 

z̄ = 

z − Z m 

δ
, (5) 

where δ denotes the 10–90 thickness of the density transition 

layer, and Z m 

denotes the position of the center of the transition 

layer. δ and Z m 

can be obtained from the following hyperbolic tan- 

gent function [6,33] : 

ρ(z) = 

ρv + ρl 

2 

+ 

ρv − ρl 

2 

tanh 

(
z − Z m 

0 . 455 δ

)
, (6) 

where ρv and ρl denote the densities of Ar molecules in the gas 

and liquid phases, respectively. It is known that δ depends on di- 

mensions of a calculation system, liquid temperature, and a pres- 

ence of NC gas molecules [6,14,21] . The relation between N Ne and 

δ herein is shown in Fig. 4 (b). The figure confirms that δ increases 

as N Ne increases, which is consistent with the tendency reported 

in [14,21] . 

Since the position of the gas boundary is where the molecular 

mass fluxes and αV 
e are calculated, the positions of the gas bound- 

ary and the KBCs including αV 
e should coincide. Thus, we set the 

gas boundary at z̄ = 3 . 0 , which has already been determined as the 

position for setting KBCs in the field of MGD [11] . 

In contrast to the gas boundary, there is no unified definition 

of where to set the liquid boundary. Moreover, although the po- 

sition of the liquid boundary was proposed in [17] by referring 

to the mass flux of evaporation vapor molecules under the virtual 

vacuum condition [6,8] , the validity of that position had not been 

verified. Thus, in our previous study [34] , the appropriate position 

of the liquid boundary was discussed based on the balance be- 

tween the time that vapor molecules colliding with the gas–liquid 

interface stay around the interface and their reached position to 

the liquid-phase side. Based on the results obtained in [34] , we 

set the liquid boundary at z̄ = −1 . 0 , which is the position where 

molecules that stay around the interface for a short time and im- 

mediately return to the gas phase are properly classified as reflec- 

tion molecules. 

As αV 
e has been shown as a function of the molar fraction of 

NC gas molecules in the liquid phase in the binary mixture sys- 

tem [14,21] , we organized αV 
e and molecular mass fluxes using the 

molar fraction φ, given by 

φ = 

N 

G 

N 

V + N 

G 
, (7) 

where N 

V and N 

G denote the numbers of vapor (Ar) and NC 

gas (Ne) molecules in the bulk liquid phase ( ̄z < −1 . 0 ), respec- 

tively. The relation between N Ne and φ obtained in the current MD 

study is shown in Fig. 4 (b). The values of φ corresponding to the 

cases where N Ne = 0 , 4,0 0 0, 8,0 0 0, and 12,0 0 0 are φ = 0 . 0 , 0.0054, 

0.0104, and 0.0159, respectively. 

2.3. Establishment of non-equilibrium system 

The calculation system becomes a non-equilibrium state where 

the net evaporation occurs when the evaporation amount is 

greater than the condensation amount. To establish such a non- 

equilibrium system, in this study, we intentionally removed Ar 

molecules from the calculation system in the gas phase. This pre- 

vents vapor molecules from condensing; thus, the condensation 

amount becomes smaller than the evaporation amount, and net 

evaporation occurs. 

To quantitatively determine the non-equilibrium of the calcula- 

tion system, the following vapor density ratio χ is defined: 

χ = 

ρv 

ρ∗
v (T L ) 

, (8) 

where ρv denotes the vapor density in the gas phase, and ρ∗
v (T L ) 

denotes the saturated vapor density at the liquid temperature T L . 

In this study, we defined the region outside the gas boundary 

( ̄z > 3 . 0 ) as the gas phase. In the equilibrium state, where the 

evaporation amount and the condensation amount are the same, 

ρv is equal to ρ∗
v and the vapor density ratio is χ = 1 . In the case 

of χ < 1 , the system is in a non-equilibrium state, where the net 

evaporation occurs as the condensation amount is lower than that 

in the equilibrium state owing to the lower vapor density ρv than 

the saturated vapor density ρ∗
v (T L ) . 

The definition of χ given by Eq. (8) indicates that the system at 

χ = 0 is the limit case of the non-equilibrium state in which net 

evaporation occurs. Thus, αV 
e in each case of N Ne was calculated 

in the range 0 ≤ χ ≤ 1 . Simulations in the systems at χ = 0 and 1 

were performed to analyze and discuss the results of the current 

MD study, and simulations at χ = 0 . 5 were also performed as a 

supplement to the results. 

To produce a non-equilibrium system at χ = 0 , all Ar (vapor) 

molecules in the gas phase ( ̄z > 3 . 0 ) in the initial composition were 

4 
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Fig. 5. Calculation systems with N Ne = 4 , 0 0 0 at (a) χ = 1 and (b) χ = 0 . There are 

no Ar molecules (blue spheres) in the gas phase when the system is in a non- 

equilibrium state at χ = 0 . (For interpretation of the references to colour in this 

figure legend, the reader is referred to the web version of this article.) 

removed from the calculation system to reduce ρv in the initial 

condition to zero. After the simulations started, Ar molecules that 

evaporated from the liquid phase to the gas phase were also re- 

moved to maintain ρv of the system at zero. When producing the 

system at χ = 0 . 5 , ρv in the initial condition was reduced to half 

of ρ∗
v by randomly removing half of the Ar molecules in the gas 

phase, and one in two evaporation Ar molecules was removed from 

the calculation system in the order in which they passed through 

the gas boundary throughout the simulation to maintain χ = 0 . 5 . 

Since the present study was based on long simulation times in the 

system with the periodic boundary conditions imposed, no signifi- 

cant variations of the state of Ar molecules in the gas phase could 

occur in the non-equilibrium system at χ = 0 . 5 . 

Fig. 5 shows the calculation systems with N Ne = 4 , 0 0 0 in the 

equilibrium state at χ = 1 and in the limit case of the non- 

equilibrium state at χ = 0 . The figure confirms that there are no 

Ar molecules in the gas phase outside the gas boundary in the cal- 

culation system at χ = 0 . 

The intentional removal of evaporation Ar molecules pass- 

ing through the gas boundary might affect the motions of Ne 

molecules in the gas phase, especially in the vicinity of the gas 

boundary. However, in the current MD simulations, the velocity 

scaling method was applied to Ne molecules in the gas phase 

when the system was in a non-equilibrium state, and the veloc- 

ity distribution for colliding Ne molecules with the gas–liquid in- 

terface was controlled to remain constant (details are provided 

in Sections 2.4 and 3.1 ). Therefore, the removal of evaporation 

molecules from the calculation system had no effect on the Ne 

molecules. 

The evaporation Ar molecules were removed from the calcula- 

tion system one after another in non-equilibrium systems. Owing 

to the decrease in the number of Ar molecules composing the liq- 

uid phase, the gas–liquid interface receded from its original posi- 

tion during net evaporation. According to the recession of the in- 

terface, the positions of the liquid and gas boundaries had to be 

renewed to calculate the molecular mass fluxes. Thus, we adopted 

the following position of the center of the density transition layer 

considering the movement of the gas–liquid interface [6] : 

Z t+�t 
m 

= Z t m 

− v e �t, v e = 

J e 

ρl 

, (9) 

where Z t m 

denotes the position of the center of the density transi- 

tion layer at time t , and J e denotes the mass flux of the evaporation 

molecules calculated at each time step �t . When the system is in 

the non-equilibrium state at χ < 1 , the positions of the liquid and 

gas boundaries were renewed at every time step based on the cal- 

culated Z t+�t 
m 

. As the receding length in each simulation was suffi- 

ciently short compared to the z-directional length of the gas phase 

in the calculation system, the change in the partial pressure of Ne 

molecules caused by the receding of the interface was negligibly 

small. 

Furthermore, the net evaporation leads the decrease in the liq- 

uid temperature. When calculating the molecular mass fluxes and 

αV 
e via time averaging under a certain constant condition, caus- 

ing steady and constant evaporation throughout the simulations is 

necessary. Thus, in the case of the non-equilibrium state ( χ < 1 ), 

the velocity scaling method was applied to molecules in the bulk 

liquid region within z̄ < −2 . 0 to maintain the liquid temperature at 

T L = 85 K . 

When the width of the temperature control region in the liq- 

uid phase became less than 2 δ owing to the recession of Z t m 

, we 

stopped the simulation of the non-equilibrium system. This is be- 

cause we considered that the thickness of the liquid film became 

insufficient for accurate calculations. The stoppage of the simula- 

tions caused the small number of sample molecules for the cal- 

culations of molecular mass fluxes and the evaporation coefficient 

αV 
e . This makes it impossible to accurately calculate them in a sin- 

gle simulation. To perform sampling with a sufficient number of 

molecules in the non-equilibrium system, we ran simulations us- 

ing more than 10 different initial arrangements of molecules in all 

cases of N Ne and χ . 

2.4. State of NC gas molecules in the non-equilibrium system 

The steady and net evaporation caused by the reduction in the 

vapor density ratio χ is the main topic of this study. As described 

in the previous subsection, the liquid temperature was maintained 

at T L = 85 K , and the number of vapor molecules in the gas phase 

was controlled to maintain χ at a constant value. However, NC gas 

molecules were not desired to vary their influence on the net evap- 

oration of vapor molecules throughout the simulations. 

To make the influence of NC gas (Ne) molecules on the evapo- 

ration constant, their states in the vicinity of the gas–liquid inter- 

face must not change. Factors of Ne molecules that can affect the 

evaporation of vapor molecules include density, temperature, and 

velocity distribution around the interface. These can be kept con- 

stant when the velocity distribution of colliding Ne molecules from 

the gas phase and their densities remain the same as those in the 

equilibrium state. By keeping Ne molecules in the gas phase in the 

equilibrium state at 85 K , the density and velocity distribution of 

colliding Ne molecules can remain constant even during net evap- 

oration. 

From the above, we lengthened the z-directional system length 

L z to five times larger than that in our previous study [14] , and we 

applied temperature control for Ne molecules in the gas phase to 

bring them into equilibrium. Lengthening L z increases the number 

of collisions between Ne molecules in the gas phase, thereby mak- 

ing it easier for the gas phase to reach the equilibrium state. The 

velocity scaling method was applied to Ne molecules in z̄ > 5 . 0 to 

maintain their temperature at T = 85 K when the system was in a 

non-equilibrium state. 

To quantitatively evaluate whether the state of Ne molecules 

in the gas phase could reach the equilibrium state, the Knudsen 

number in the gas phase was calculated. The Knudsen number, 

Kn = λ/ L , is a dimensionless number defined as the ratio of the 

mean free path of molecules λ to the characteristic length of a 

system L . In general, molecules are considered to be in equilibrium 

when Kn � 1 . L z of the calculation system corresponds to the char- 

acteristic length L in the denominator of Kn. The mean free path λ
can be estimated by 

λ = 

1 √ 

2 πσ 2 n 

, (10) 

where σ denotes the molecular diameter and n denotes the num- 

ber density of molecules in the gas phase. 

In the case of N Ne = 4 , 0 0 0 , which has the smallest number of 

N Ne in the vapor–gas binary system in this study, the Kn of Ne 

5 



H. Tabe, K. Kobayashi, H. Fujii et al. International Journal of Heat and Mass Transfer 188 (2022) 122663 

Fig. 6. Velocity distribution functions in z-direction for colliding Ne molecules with gas–liquid interface at χ = 0 for (a) φ = 0 . 0054 and (b) φ = 0 . 0159 . The velocity dis- 

tribution functions in the x - and y -directions for colliding Ne molecules at χ = 0 for (c) φ = 0 . 0054 and (d) φ = 0 . 0159 . Maxwellian at T L = 85 K is represented by a black 

solid line. 

molecules was calculated as Kn = 0 . 0511 . The applied parameters 

of σ , n , and L for calculating this Kn were σ = σNe = 0 . 275 nm , 

n = 0 . 364 nm 

−3 , and L = 16 . 0 nm , respectively. The characteris- 

tic length L = 16 . 0 nm represents the approximate length of the 

gas phase in L z of the calculation system excluding the thick- 

ness of the liquid film. As we consider Kn = 0 . 0511 as Kn � 1 , Ne 

molecules in the gas phase were assumed to maintain the equilib- 

rium state during the net evaporation of vapor molecules. When 

Ne molecules in the gas phase are in an equilibrium state, they 

collide with the gas–liquid interface while following a constant 

velocity distribution with a constant density according to their 

temperature at T = 85 K . This would maintain the states of Ne 

molecules in the vicinity of the gas–liquid interface constant. The 

validity of this assumption is verified at the beginning of the next 

section. 

3. Results and discussion 

3.1. State of Ne molecules during net evaporation 

Fig. 6 shows the velocity distribution functions of Ne molecules 

colliding with the gas–liquid interface in the non-equilibrium state 

at χ = 0 in the cases of φ = 0 . 0054 and 0.0159 (the cases of 

N Ne = 4 , 0 0 0 and 12,0 0 0). The velocity distribution function in the 

z-direction is shown as a function ζz ̂
 f G 
coll 

in Fig. 6 (a) and (b). ˆ f G 
coll 

denotes the normalized velocity distribution function of colliding 

Ne molecules, and ζz denotes the normalized molecular velocity in 

the z-direction given by ζz = ξz / 
√ 

2 R G T L , where R G denotes the gas 

constant of NC gas molecules and 

√ 

2 R G T L denotes the most prob- 

able speed of them in the Maxwellian at the liquid temperature 

T L . The z-directional Maxwellian, which is represented by the solid 

line in Fig. 6 (a) and (b), is given by 

ζz ̂
 f ∗z = 2 ζz exp ( −ζ 2 

z ) . (11) 

In addition, the velocity distribution functions in the x - and y - 

directions are shown as a normalized form 

ˆ f G 
coll 

in Fig. 6 (c) and 

(d). ζx and ζy in the abscissa denote the molecular velocities in 

the x - and y -directions normalized to 
√ 

2 R G T L , respectively. The x - 

or y -directional Maxwellian, which is represented by the solid line 

in Fig. 6 (c) and (d), is given by 

ˆ f ∗j = 

1 √ 

π
exp ( −ζ 2 

j ) , j = x, y. (12) 

As shown in Fig. 6 , the velocity distributions in all directions 

agree well with the Maxwellian in both cases of φ. This indi- 

cates that Ne molecules maintained their velocity distributions at 

those in the equilibrium state (i.e., Maxwellian at 85 K) even when 

the system was in the non-equilibrium state at χ = 0 , where the 

net evaporation of vapor molecules occurs. Not only in the cases 

shown in Fig. 6 , the agreements of the velocity distribution func- 

tions with the Maxwellian were confirmed under all conditions of 

φ and χ herein. 

Furthermore, Fig. 7 shows the density fields of Ar and Ne 

molecules in the systems at χ = 1 (the equilibrium state) and χ = 

0 (the limit case of the non-equilibrium state). The density fields in 

the cases of φ = 0 . 0054 , 0.0104, and 0.0159 are shown in Fig. 7 (a)–

(c), and the density field in the low-density range ρ < 80 . 0 kg / m 

3 

for φ = 0 . 0054 is shown in Fig. 7 (d). The solid lines represent the 

density fields of the Ar and Ne molecules at χ = 1 , whereas the 

open squares represent those at χ = 0 . 

In all cases of φ in Fig. 7 (a)–(c), the density fields show al- 

most the same profiles regardless of the value of χ . As there are 

no condensation vapor molecules from the gas phase in the non- 

equilibrium system at χ = 0 , the density field of Ar molecules 

around the gas boundary ( 1 < z̄ < 3 ) becomes lower than that at 

χ = 1 , as shown in Fig. 7 (d). However, Fig. 7 fundamentally con- 

firms that the states around the gas–liquid interface in z̄ < 1 and 

Ne molecules between the liquid and gas boundaries maintain cer- 

tain constant states during the net evaporation of vapor molecules. 
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Fig. 7. Density fields of Ar and Ne molecules at χ = 0 and χ = 1 for (a) φ = 0 . 0054 , (b) φ = 0 . 0104 , and (c) φ = 0 . 0159 . (d) Density fields in the range ρ < 80 . 0 kg / m 

3 for 

φ = 0 . 0054 . Open squares represent density fields at χ = 0 , and solid lines represent those at χ = 1 . 

As shown in Figs. 6 and 7 , the velocity distribution function 

of colliding Ne molecules and the profiles of the density fields 

around the gas–liquid interface in the non-equilibrium system 

do not change from those in the equilibrium system. This indi- 

cates that there was no difference between the equilibrium and 

the non-equilibrium states except for the number of condensation 

molecules from the gas phase. Therefore, we conclude that the in- 

fluence of Ne molecules on the motions of Ar molecules around 

the interface did not change throughout the simulations, and the 

steady net evaporation in the non-equilibrium system was primar- 

ily caused by the reduction in the vapor density ratio χ in the cur- 

rent MD simulations. 

Furthermore, the result shown in Fig. 6 also indicates that the 

removal of Ar molecules did not disturb the state of Ne molecules 

in the gas phase in the non-equilibrium system, which provides 

some assurance of the validity of the method to establish the non- 

equilibrium system. 

3.2. Evaporation coefficient and mass fluxes of vapor molecules 

Fig. 8 shows the evaporation coefficient αV 
e of vapor molecules 

in each case of the vapor density ratio χ and the molar fraction φ. 

The abscissa represents χ and the ordinate represents αV 
e . Dashed 

line represents the average value of αV 
e in three cases of χ . The 

figure confirms that αV 
e takes an almost constant value regard- 

less of the value of χ in each case of φ, whereas αV 
e decreases 

as φ increases in each case of χ . This indicates that αV 
e is in- 

dependent of whether the system is in an equilibrium or a non- 

equilibrium state, whereas it greatly depends on the molar frac- 

tion φ. Since χ = 0 is the limit case of the non-equilibrium state 

where net evaporation occurs, the figure illustrates that αV 
e takes 

almost the same value in any non-equilibrium state within the 

range 0 ≤ χ < 1 for an arbitrary number of Ne molecules in the 

system. Before elucidating on the causes of the tendencies shown 

in Fig. 8 , we next show the molecular mass fluxes because αV 
e is 

calculated from J V evap and J V ∗out . 

Fig. 8. Evaporation coefficient αV 
e in 0 ≤ χ ≤ 1 in each case of φ. 

The mass fluxes of Ar molecules at χ = 0 and 1 are shown in 

Fig. 9 (a) and (b), respectively. The abscissa represents φ and the 

ordinate represents the value of mass fluxes. As the reflection of Ar 

molecules does not occur in the non-equilibrium system at χ = 0 , 

the mass flux of reflection Ar molecules J V 
ref 

is zero in all cases of 

φ in Fig. 9 (a). In contrast, J V 
ref 

in the equilibrium system at χ = 

1 increases as φ increases, indicating that colliding Ar molecules 

from the gas phase to the gas–liquid interface get reflected more 

easily owing to the increase in the number of Ne molecules in the 

system. 

The mass flux of the evaporation Ar molecules J V evap decreases 

as φ increases in both cases of χ . Furthermore, the figures confirm 

that J V evap has almost the same value regardless of the value of χ . 

From the definition of αV 
e , given by Eq. (1) , J V ∗out in the equilibrium 

state are used to calculate αV 
e in both the equilibrium and non- 

equilibrium states. Hence, J V evap , which does not change depending 

on χ , makes αV 
e the same value regardless of the value of χ (i.e., 

the system state) in each case of φ. The factors that cause J V evap to 

have the same value regardless of the value of χ are discussed in 

7 
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Fig. 9. Mass fluxes of Ar molecules at (a) χ = 0 and (b) χ = 1 . 

Section 3.3 , and the detailed influences of φ on J V evap are discussed 

in Section 3.4 . 

Although it is not the main issue of this study, the condensation 

coefficient αV 
c is also calculated for χ = 0 . 5 and 1. The condensa- 

tion coefficient αV 
c was reported to have almost the same value as 

the evaporation coefficient αV 
e in the equilibrium and binary mix- 

ture system [14,21] , and the same tendency is observed in the case 

of χ = 1 in this study. In addition, the value of αV 
c in the non- 

equilibrium system at χ = 0 . 5 does not change from that in the 

equilibrium system at χ = 1 . This result suggests that αV 
c is also 

independent of the system state, as in the case of the evaporation 

coefficient αV 
e . 

The condensability of vapor molecules has been reported to 

depend on their collision velocity toward the gas–liquid interface 

[34–36] , which means that the value of αV 
c is affected by the ve- 

locity distribution of them. In the current MD simulations, the ve- 

locity distribution of the colliding vapor molecules remained con- 

stant regardless of the system state as well as that of the NC gas 

molecules, and thus, αV 
c is independent of whether the system is 

in an equilibrium or a non-equilibrium state. 

3.3. Influence of system state on evaporation of vapor molecules 

The difference between the equilibrium and the non- 

equilibrium states in the current MD study is the presence or 

absence of condensation vapor molecules from the gas phase. 

As already shown in Fig. 7 (d), the vapor density around the gas 

boundary in the non-equilibrium state at χ = 0 becomes lower 

than that in the equilibrium state at χ = 1 owing to the absence of 

Fig. 10. (a) Normalized number densities of Ar, Ne, and sum of Ar and Ne 

molecules in 1 < ̄z < 3 for each φ. Number density of molecules at χ = 0 is nor- 

malized to that at χ = 1 . (b) Local Knudsen numbers in 1 < ̄z < 3 at χ = 1 and 0 

for each φ. 

condensation vapor molecules. As the molecular number density 

corresponds to the molecular collision rate [1] , the change in the 

molecular density around the gas boundary can affect the ease of 

evaporation of vapor molecules from the liquid phase to the gas 

phase. Specifically, a higher number density of molecules causes 

more molecular collisions, and vapor molecules that attempt to 

evaporate are more likely to be prevented from evaporating via 

collisions. 

Fig. 10 (a) shows the normalized number densities of Ar 

molecules, Ne molecules, and the sum of Ar and Ne molecules 

around the gas boundary in the range 1 < z̄ < 3 in each case of φ. 

The ordinate represents the number density in the non-equilibrium 

state at χ = 0 normalized to that in the equilibrium state at χ = 1 . 

The figure indicates that the normalized number density of Ar 

molecules in all cases of φ is approximately 0.5, indicating that 

the number density of vapor molecules at χ = 0 is almost half of 

that at χ = 1 around the gas boundary. In contrast, the normalized 

number density of Ne molecules is almost unity because the den- 

sity profile of Ne molecules is almost independent of the system 

state, as shown in Fig. 7 . Owing to the unchanged number density 

of Ne molecules, the normalized number density of the sum of Ar 

and Ne molecules in the cases of φ � = 0 approaches unity. 

To correlate the number density of molecules with the molec- 

ular collision rate around the gas boundary, we calculate a lo- 

cal Knudsen number, Kn 

′ , in the range 1 < z̄ < 3 . As described in 

Section 2.4 , the Knudsen number represents the ratio of the mean 

free path of molecules to the characteristic length. Thus, we can 

estimate the molecular collision rate within an arbitrary region by 

calculating Kn 

′ . 
Fig. 10 (b) shows the Kn 

′ in the range 1 < z̄ < 3 in the equilib- 

rium state at χ = 1 and the non-equilibrium state at χ = 0 . The 

thickness of the density transition layer δ and the number den- 
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sity of the sum of Ar and Ne molecules in the range 1 < z̄ < 3 in 

each case of φ are applied to the characteristic length L and the 

number density n for the calculation of Kn 

′ , respectively. The fig- 

ure indicates that Kn 

′ differs considerably between the equilibrium 

state at χ = 1 and the non-equilibrium state at χ = 0 only in the 

case of φ = 0 as the number density of molecules around the gas 

boundary greatly differs in this case, as shown in Fig. 10 (a). 

However, Kn 

′ in the case of φ = 0 in the equilibrium state at 

χ = 1 is approximately 15, and it is known that a high Knudsen 

number, generally 10 or more, represents the free-molecular flow 

wherein molecular collisions seldom occur [3] . This means that 

when the single-component system is in the equilibrium state, the 

evaporation of vapor molecules is hardly hindered by molecular 

collisions in the first place, although the molecular number den- 

sity and collision rate around the gas boundary are higher than 

those in the non-equilibrium state. From the above, J V evap and the 

corresponding αV 
e are independent of whether the system is in 

equilibrium or non-equilibrium (i.e., the value of χ ) in the single- 

component system of φ = 0 . 

In the case of φ � = 0 , which represents the vapor–gas binary 

mixture system, Kn 

′ in the range 1 < z̄ < 3 takes almost the 

same value between the equilibrium state at χ = 1 and the non- 

equilibrium state at χ = 0 . This is because the number density of 

Ne molecules around the gas boundary is independent of the sys- 

tem state, as shown in Fig. 10 (a). The fact that Kn 

′ does not change 

indicates that the molecular collision rate does not change. We 

conclude that in the case of φ � = 0 , the possibility that evapora- 

tion of vapor molecules is hindered by molecular collisions does 

not change with the system state (i.e., the value of χ ); therefore, 

J V evap and the corresponding αV 
e in the binary mixture system take 

almost the same value regardless of whether the system is in equi- 

librium or non-equilibrium. 

In this subsection, we demonstrate that αV 
e is independent of 

the system state. Subsequently, we demonstrate the influence of 

the molar fraction φ of NC gas molecules on J V evap and αV 
e . 

3.4. Influence of NC gas molecules on evaporation of vapor molecules 

Based on the discussion in the previous subsection, the de- 

crease in J V evap with the increase in φ shown in Fig. 9 can be ex- 

pected to be caused by the change in the number density of NC 

gas molecules around the gas–liquid interface, which is related to 

the molecular collision rate. Furthermore, as Ne molecules form 

an adsorption film on the interface, the influence of Ne molecules 

on J V evap could change depending on the position around the in- 

terface. Thus, we investigate where their influence appears promi- 

nently as well as the factor that causes the decrease in J V evap . Note 

that, since it has been shown in the previous subsection that the 

system state—the value of χ—has no effect on the evaporation of 

Ar molecules, the investigation in the following is conducted using 

the case χ = 0 as an example. 

To that end, we defined a backscattering molecule, as shown in 

Fig. 11 (a). An Ar molecule that passed through the liquid bound- 

ary from the liquid phase and returned to it again without pass- 

ing through the gas boundary was defined as the backscattering 

molecule. In addition, the maximum z̄ position where a backscat- 

tering molecule reached was defined as z reach . Regions where Ne 

molecules dominantly reduce J V evap could be estimated from the 

tendency of z reach of backscattering molecules in each case of φ. 

Fig. 11 (b) shows the frequency distribution of z reach with the in- 

terval �z reach = 0 . 5 . z reach of the backscattering molecules in each 

case of φ were obtained within a sampling time of 10 ns in 

the non-equilibrium system at χ = 0 . The ordinate represents the 

number of backscattering molecules in each interval normalized to 

the total number of them obtained during the sampling time in the 

case of φ = 0 . The inset of the figure shows the frequency distribu- 

Fig. 11. (a) Schematic of backscattering molecule and z reach . (b) Frequency distribu- 

tion of z reach between the liquid and gas boundaries with the interval �z reach = 0 . 5 . 

tion in the range 1 . 5 < z reach < 3 . 0 . The result of φ = 0 in the fig- 

ure represents the number of backscattering molecules which was 

caused by the interaction of only Ar molecules because there were 

no Ne molecules in the system. Thus, the result in this case does 

not include the influence of Ne molecules, and the difference be- 

tween the result of φ = 0 and other cases of φ is caused by the 

presence of Ne molecules. 

As shown in Fig. 11 (b), most molecules are backscattered in the 

range z̄ < 1 . 0 in all cases of φ. This indicates that a large num- 

ber of backscattering molecules returned to the liquid phase from 

around the gas–liquid interface. In contrast, although the number 

of backscattering molecules is miniscule in the region around the 

gas boundary, the inset of the figure illustrates that the number 

of backscattering molecules has more than doubled between φ = 0 

and 0.0159. This result suggests that while the number of backscat- 

tering molecules around the gas boundary is small, the influence of 

the increase in φ on backscattering is larger around the gas bound- 

ary than around the gas–liquid interface. 

To elucidate the influence of φ on backscattering occurring 

around the liquid boundary side and the gas boundary side, we 

investigated the rate of increase in the number of backscattering 

molecules with the increase in φ on those two sides. The range 

−1 ≤ z̄ < 1 was defined as the liquid-phase subregion, and the 

range 1 ≤ z̄ < 3 was defined as the gas-phase subregion. 

Fig. 12 (a) shows the normalized number of backscattering 

molecules in the liquid-phase subregion and gas-phase subregion 

in each case of φ. The number of backscattering molecules is nor- 

malized to that at φ = 0 in each subregion. As shown in the figure, 

the number of backscattering molecules increases as φ increases 

on both the liquid-phase and gas-phase subregions. The increase 

in the number of backscattering molecules indicates that the evap- 

oration of vapor molecules becomes more hindered. Therefore, 

the decrease in J V evap with an increase in φ shown in Fig. 9 was 
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Fig. 12. (a) Normalized number of backscattering molecules and (b) normalized 

number density of molecules in the liquid-phase and gas-phase subregions in each 

case of φ. 

found to be caused by vapor molecules becoming more likely to 

be backscattered throughout the entire region between the liquid 

and gas boundaries. However, the figure confirms that the normal- 

ized number of backscattering molecules in the gas-phase subre- 

gion greatly increases compared to that in the liquid-phase subre- 

gion. This indicates that φ has a greater influence on the backscat- 

tering of vapor molecules in the gas-phase subregion. 

We next elucidate the reason why the influence of φ on the 

backscattering is greater in the gas-phase subregion side than in 

the liquid-phase subregion. In a previous study [14] , the number 

density of molecules in the range z̄ < 1 . 0 was investigated to eval- 

uate the relation between the molecular collisions and evaporation 

mass fluxes in a binary mixture system. However, the investiga- 

tion of the number density in the range z̄ > 1 . 0 , where an increase 

in the number of backscattering molecules is large has not been 

made. Thus, we calculated and compared the number density of 

molecules on the liquid-phase and the gas-phase subregions. 

The number densities n (φ) in the liquid-phase and gas-phase 

subregions were calculated from the total number of both Ar and 

Ne molecules in the ranges −1 ≤ z̄ < 1 and 1 ≤ z̄ < 3 , respectively. 

Because the adsorption film of Ne molecules was formed around 

z̄ ≈ 0 , as shown in Fig. 7 , its influence on the backscattering can 

be estimated from n (φ) in the liquid-phase subregion. 

Fig. 12 (b) shows the normalized number density of molecules 

in the liquid-phase and the gas-phase subregions in each case of φ. 

The number density n (φ) is normalized to that at φ = 0 on each 

side. In the gas-phases subregion, the normalized number density 

at φ = 0 . 0159 is approximately 27 times larger than that at φ = 0 . 

In contrast, in the liquid-phase subregion, the normalized number 

density at φ = 0 . 0159 is approximately 1.2 times larger than that 

at φ = 0 . This indicates that the increase in the number density 

with the increase in φ is more remarkable in the gas-phase subre- 

gion than in the liquid-phase subregion. It was also confirmed that 

the adsorption film of Ne molecules, which has a locally high den- 

sity around the gas–liquid interface, does not significantly increase 

n (φ) in the liquid-phase subregion. 

A higher number density of molecules causes more molecular 

collisions, as mentioned in the previous subsection. Therefore, we 

conclude that a large increase in the backscattering molecules in 

the gas-phase subregion shown in Fig. 10 (a) is caused by a large 

increase in the molecular collision rate owing to the higher num- 

ber density of the molecules. This is the reason that the influence 

of the increase in φ on the backscattering is greater in the gas- 

phase subregion than in the liquid-phase subregion. 

3.5. Velocity distribution function of evaporation molecules 

Fig. 13 shows the velocity distribution functions for evaporation 

Ar molecules ˆ f V evap in the z-direction in each case of φ. The velocity 

distributions in the cases of χ = 0 and 1 are shown as a function 

ζz ̂
 f V evap , and the z-directional Maxwellian represented by the solid 

line is given by ζz ̂
 f ∗z . The figure illustrates that regardless of the 

value of χ , the velocity distributions show an almost constant dis- 

tribution in each case of φ. Thus, ˆ f V evap is independent of whether 

the system is in an equilibrium or a non-equilibrium state. 

The figure also indicates that the mean velocity becomes higher 

as φ increases. This indicates that evaporation vapor molecules 

tend to have a higher velocity as the number of NC gas molecules 

in the system increases. The increase in the mean velocities with 

the increase in φ has also been reported in a previous MD study 

of binary mixtures and equilibrium systems [14] ; however, the fac- 

tors that cause this tendency have not been elucidated. Hence, we 

discuss the cause of the increase in the mean velocity of ˆ f V evap . 

Fig. 14 shows the attractive force acting on an Ar molecule on 

the z̄ coordinate in the system in each case of φ. The force was cal- 

culated based on the attractive term in the Lennard-Jones potential 

function given by Eq. (3) . The negative values on the ordinate rep- 

resent the force toward the liquid-phase side—the force acting in 

the negative direction of the z̄ coordinate. Although the attractive 

forces in the figure were calculated in the equilibrium system, the 

same profiles of them would be obtained in the non-equilibrium 

system because the state of the gas–liquid interface hardly changes 

according to the system state herein ( Fig. 7 ). 

The figure confirms that a large force in the negative z̄ direc- 

tion acts on a molecule in the vicinity of the gas–liquid interface 

in all cases of φ. This is owing to the intermolecular force from 

molecules composing the liquid phase. In addition, a force in the 

positive z̄ direction acts in the cases of φ = 0 . 0054 and 0.0159 

around z̄ < −1 . 0 owing to the intermolecular interaction with Ne 

molecules composing the adsorption film. 

It has been reported that the attractive force toward the liquid- 

phase side acting on molecules in the vicinity of the interface 

contributes to the formation of the adsorption film of NC gas 

molecules [14,21] . In addition, the velocity of evaporation vapor 

molecules is decelerated by this attractive force toward the liquid- 

phase side before the molecules reach the gas boundary. As shown 

in Fig. 14 , the attractive force acting in the vicinity of the interface 

weakens as φ increases. This is because the thickness of the transi- 

tion layer increases with an increase in φ, as shown in Fig. 4 (b). As 

φ increases and the attractive force toward the liquid-phase side 

weakens, the deceleration of the rate of evaporation molecules is 

suppressed. This leads to the conclusion that the weakening of the 

attractive force is one of the causes of the increase in the mean 

velocity of ˆ f V evap with an increase in φ. 
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Fig. 13. Velocity distribution functions for evaporation Ar molecules for (a) φ = 0 , (b) φ = 0 . 0054 , and (c) φ = 0 . 0159 . 

Fig. 14. Attractive force acting on Ar molecule on z̄ coordinate. A negative value 

indicates aa force acting in the negative direction of z̄ . 

4. Conclusion 

The evaporation coefficient αV 
e during steady net evaporation 

was calculated using MD simulations in a vapor–gas binary mix- 

ture system. We proposed a calculation system that can per- 

form net evaporation calculations up to the extreme case of non- 

equilibrium, and investigated in detail the values of αV 
e and the 

evaporation mechanisms over a wide range of parameters. We 

have observed that αV 
e in any non-equilibrium state where the 

net evaporation occurs takes almost the same value as that in the 

equilibrium state. As the number density of NC gas molecules in 

the vicinity of the gas–vapor interface is irrelevant to the system 

state in the current MD simulations, the collision rate of molecules 

around the interface hardly changes. This indicates that the prob- 

ability that the evaporation of vapor molecules is hindered by 

molecular collisions does not change between the equilibrium state 

and the non-equilibrium state in the binary mixture system; as a 

result, αV 
e takes almost the same values in the two states. 

It was also observed that αV 
e decreases as the molar fraction of 

the NC gas molecules increases. This decrease in αV 
e has been clar- 

ified to be caused by the increase in the probability of collisions 

with NC gas molecules that prevent vapor molecules from evapo- 

rating. In particular, the influence of the increase in the molar frac- 

tion of NC gas molecules on the evaporation of vapor molecules is 

larger around the gas phase in the vicinity of the gas–liquid inter- 

face than around the liquid phase. 

Furthermore, the mean velocity of the velocity distribution 

function of evaporation vapor molecules increases as the molar 

fraction increases, whereas the profile of the velocity distribution 

function is independent of whether the system is in equilibrium 

or non-equilibrium. The increase in the molar fraction increases 

the thickness of the gas–liquid interface, thereby weakening the 

attractive force acting between evaporation vapor molecules and 

molecules around the interface. Thus, we consider that the weak- 

ening of the attractive force acting on evaporation vapor molecules 

is one of the factors that causes an increase in the mean velocity 

of the evaporation molecules. 
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