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Chapter ]_

Introduction

1.1 Evaporation of liquids in industrial settings

Evaporation of liquids occurs in a variety of situations and industrial settings, such
as spray cooling [1], power plant [2, 3], heat pipe [4], and fuel combustion [5,6]. In
particular, spray cooling is utilized for cooling heated steel, electronic devices, and
other settings and applications [7, 8] because regions to be cooled and amount of
utilized liquid can be easily controlled in this method [9,10].

When the liquid droplet impacts on a heated wall, the droplet can levitate after
impacting in the case where the wall temperature is sufficiently high. This droplet
levitation is well known as the Leidenfrost effect [11]. This phenomenon is caused by
an instantaneous evaporation of liquid droplet in the vicinity of the heated wall [12].
When the Leidenfrost effect occurs, the heat transfer between the droplet and the
heated wall is prevented by the vapor layer generated between them. Thus, in spray
cooling, it is desirable to suppress the occurrence of this phenomenon that lowers
the cooling efficiency.

In contrast to spray cooling, the occurrence of the Leidenfrost effect is desired in a
mist chemical vapor deposition (CVD) method in which a mist solution is chemically
reacted on a high-temperature substrate to form a functional thin film [13]. It has
been reported that the occurrence of the Leidenfrost effect of fine droplets in a mist
state contributes the efficient transport of the mist solution on a deep substrate and
the formation of a uniform thin film [14, 15].

Because suppressing or enhancing the occurrence of the Leidenfrost effect is an
industrially important issue, there is a need for further understanding of this phe-
nomenon, including conditions under which it occurs and the mechanism by which
it occurs, for further applications in industrial settings. However, in experimen-
tal investigations, it is difficult to quantitatively analyze the factors that affect the
occurrence of the Leidenfrost effect such as evaporation amounts and temperature
increases inside the evaporating droplet. Thus, the detailed mechanism of the Lei-

denfrost effect has not been clarified yet.



1.2 Computational analyses of liquid evaporation

1.2 Computational analyses of liquid evaporation

When conducting detailed investigations of physical phenomena involving an in-
stantaneous evaporation of a liquid phase, e.g., the Leidenfrost effect, the use of
computational analyses is valid because macroscopic values such as density, veloc-
ity, and temperature fields inside the evaporation liquid, which are difficult to mea-
sure in experiments, can be easily calculated. Among the computational analyses,
molecular-scale simulations enable to analyze the evaporation from or condensation
into liquids without setting any special models or boundary conditions for represent-
ing evaporation/condensation occurring at the gas—liquid interface. This is because
evaporation or condensation occurs due to the difference between the numbers of
molecules entering the liquid phase and leaving the gas phase, and those trajectories
of molecules in the vicinity of the interface can only be calculated in molecular-scale
simulations.

From the above, we conducted molecular dynamics (MD) simulations to in-
vestigate the mechanism of the occurrence of the Leidenfrost effect [16,17]. MD
simulation is a computational method that can accurately track the movement of
individual molecules. Thus, the use of MD simulations enables the detailed analyses
of evaporation of impacting droplet on the heated wall, and the mechanism of the
occurrence of the Leidenfrost effect can be clarified.

Furthermore, it is known that the minimum wall temperature at which the Lei-
denfrost effect occurs depends on the wettability—hydrophilicity or hydrophobicity—
of the solid surface [12,18]. An intermolecular interaction between liquid and solid
molecules is a fundamental factor that determines the wettability of the solid sur-
face, and the magnitude of the intermolecular force can easily be adjusted in MD
simulations. Thus, in addition to the mechanism of the Leidenfrost effect, we also
clarified the influence of the liquid—solid intermolecular force on that mechanism
using MD simulations. Details of our MD study on the Leidenfrost effect can be
found in Chapter 3.

Our MD study elucidated that an upward velocity inside the impacting droplet

which was induced by an intensive evaporation from the vicinity of the heated wall



1.3 Expansion to macro-scale simulations for liquid evaporation

caused the entire droplet to levitate. From this result, it is clarified that evaporation
from the liquid phase can significantly affect the motion of the overall liquid, such
as the Leidenfrost effect, where the droplet levitates after impacting on the heated
wall.

As mentioned above, the mechanism of the Leidenfrost effect and the influence
of the liquid—solid intermolecular force on it were elucidated using MD simulations.
However, due to its large computational load, MD simulations can only investigate
systems of nano- to submicro-scale size. It has been reported that the droplet
diameter in spray cooling or mist CVD method is on the order of several to several
hundred micrometers [14,19]. To preform computational analyses for the Leidenfrost
effect under more realistic conditions in terms of the system scales represented by the
droplet diameter, it is necessary to use other simulation methods that can analyze

larger scales than MD simulations.

1.3 Expansion to macro-scale simulations for lig-
uid evaporation

Fluid dynamics analysis, which is one of the computational methods for fluids, en-
ables to investigate physical phenomena in macro-scale and gas—liquid multi-phase
systems. When investigating phenomena involving liquid evaporation in fluid dy-
namics analyses, boundary conditions that represent evaporation from a liquid phase
must be imposed to the gas-liquid interface in contrast to molecular-scale simula-
tions. Evaporation is mainly represented by the mass flux at the interface from the
liquid phase to the gas phase.

The Hertz—Knudsen—Langmuir (HKL) model [20,21] and the Hertz—Knudsen—
Schrage (HKS) model [20,22] are well known as the boundary conditions for fluid
dynamics analyses that describe the mass flux induced by the non-equilibrium evap-
oration of liquids. Several fluid dynamics analyses have been conducted for phase
change phenomena using the HKL or the HKS model [23-27].

Incidentally, the HKL model is given by

1 P j%
My = . —a. : 1.1
ML= o R (a N \/T) (L11)



1.3 Expansion to macro-scale simulations for liquid evaporation

where R is the gas constant, p* is the saturated vapor pressure at the liquid temper-
ature Ty, p is the pressure, and 7' is the temperature. a, and . are the evaporation
and condensation coefficients, respectively, and the assumption that o, = a. = « is

sometimes applied. Furthermore, the HKS model is given by

2c *
MK = VR (\% - ff) ' (12)
The above two models are widely used as described before [23-27], however, those
are derived without considering molecular interactions occurring in the vicinity of the
interface named the Knudsen layer, and the inaccuracy and incompleteness of them
have been pointed out [28]. Therefore, those are not physically proper boundary
conditions for fluid dynamics.
In contrast to the HKL and HKS models given by Egs. (1.1) and (1.2), the
following equations are proposed [29]:

— 1 — Ry 4 —
P=p _ Qe (C;; N 0‘0) [ui — uLi(X, Oni(X 1) | o — (1.3)
P* Qe a 2RTy(X 1) Q

C

T-Tu(X,t) . [ui — (X, t)]ni(X, 1) (1.4)
TL(X 1) ! 2RTL(X,t) |

where u; is the vapor velocity, uy; is the liquid velocity, n; is the unit vector normal

to the interface, X is the position vector, and ¢ is the time. C} and dj are the slip
coefficients, which are determined by the molecular models. The values of those slip
coefficients in accordance with various molecular models are summarized in [29]. In
addition, by assuming o, = a, = « and rearranging Eq. (1.3) using the equation of

state for an ideal gas, the following equation is obtained [29,30]:

1 2 p* P
=——\/3 - . 1.
M 22— C; VR (\/TTL \/TL> (15)

Equations (1.3) and (1.4) are derived considering molecular interactions in the

Knudsen layer, and therefore, those are physically accurate boundary conditions
for fluid dynamics analyses unlike HKL. and HKS models. One of the limitations
of Egs. (1.3)—(1.5) is that while they cover the weak non-equilibrium, they cannot

describe strong non-equilibrium evaporation (and condensation).



1.4 Derivation of boundary conditions for fluid dynamics from kinetic boundary
conditions

Moreover, most evaporation phenomena in industrial settings occur in multi-
component system (e.g., water and air). It has been reported in previous numerical
or experimental studies [31-36] that non-condensable gas molecules strongly affect
phase change of vapor molecules and motions of fluids. This indicates that it is
necessary to consider the influence of gaseous components on liquid evaporation
even in fluid dynamics analyses of physical phenomena involving evaporation in the
gas phase, such as the Leidenfrost effect. However, there is no boundary condition
for fluid dynamics that represents a strong non-equilibrium evaporation of liquids
in multi-component system.

As mentioned in the previous section, the liquid evaporation is shown to have a
large influence on the behavior of the impacting droplet on the heated wall, i.e., the
occurrence of the Leidenfrost effect. Thus, when performing fluid dynamics analyses
to elucidate the mechanism of the Leidenfrost effect, the setting of the boundary
condition accurately representing liquid evaporation is extremely important. From
the above, it is necessary to derive the boundary condition for fluid dynamics anal-
yses that represents the strong non-equilibrium evaporation of liquids considering

the influence of gaseous components.

1.4 Derivation of boundary conditions for fluid
dynamics from kinetic boundary conditions

The gas-liquid interface is assumed as a discontinuity surface in macroscopic, al-
though it has a thickness about a molecular diameter in microscopic. Non-equilibrium
evaporation or condensation occurs due to the mismatch between the numbers of va-
por molecules passing through the interface toward the gas phase (i.e., evaporating
molecules) and those toward the liquid phase (i.e., condensing molecules).

Since the region in the vicinity of the interface is in such a strong non-equilibrium
state during phase change, the movement of individual molecules around the in-
terface is significantly important when discussing evaporation and condensation.
Hence, in the process of deriving boundary conditions for fluid dynamics analyses,

macroscopic variables for fluid dynamics are necessary to be derived from micro-



1.4 Derivation of boundary conditions for fluid dynamics from kinetic boundary
conditions

scopic information of molecules that can be obtained from molecular-scale simula-
tions.

The non-equilibrium due to molecular motions in the vicinity of the gas-liquid
interface is accommodated to local equilibrium by molecular interactions in the
Knudsen layer on the gas phase side around the interface [29,30]. The molecular gas
dynamics (MGD) analysis [29] is the valid method to derive the physically correct
boundary conditions for fluid dynamics analyses since it enables to consider the
molecular interactions in the Knudsen layer. The governing equation of MGD is
the Boltzmann equation [37,38], which describes the spatial and temporal evolution
of velocity distribution functions of molecules, and macroscopic variables for fluid
dynamics can be obtained from molecular microscopic information through MGD
analyses [29].

When treating evaporation and condensation in MGD analyses, a kinetic bound-
ary condition (KBC), which is the boundary condition for the Boltzmann equation,
is necessary to be applied for representing evaporation and condensation of vapor
molecules. In other words, for deriving proper boundary conditions for fluid dynam-
ics which represent non-equilibrium evaporation of liquids, it must be started by
constructing the KBC representing non-equilibrium evaporation of vapor molecules
using molecular-scale simulations, such as MD simulations. Moreover, by conducting
MGD analyses in vapor—gas mixture systems, boundary conditions for fluid dynam-
ics taking into account the effect of the gaseous component on liquid evaporation
can be derived.

At present, there is no boundary condition for fluid dynamics describing the
non-equilibrium evaporation of liquids with considering the influence of gaseous
components, as mentioned in the previous section. Therefore, to derive such a
boundary condition, the KBCs for non-equilibrium evaporation in vapor—gas binary

mixtures were aimed to be constructed using MD simulations in this thesis.



1.5 Scope and strategy of the thesis

1.5 Scope and strategy of the thesis

The objective of the studies in this thesis is to discuss and construct kinetic boundary
conditions (KBCs) in order to derive physically proper boundary conditions for fluid
dynamics that represent the non-equilibrium evaporation of liquids considering the
effect of a gaseous component.

To that end, we first conducted MD simulations in [39] to discuss the validity of
a construction method of KBCs which is used in some molecular-scale simulations
[33,36,40]. Technically, molecules moving in the vicinity of the gas—liquid interface
must be classified into evaporation, condensation, and reflection molecules when
constructing KBCs in that method. Thus, a detailed investigation of the motions of
molecules colliding with the gas—liquid interface from the gas phase was conducted
to confirm whether molecules are appropriately classified in that method.

The discussions on the classification of molecules were held not only for vapor
single-component system, but also vapor—gas binary mixture system. This is because
we eventually aimed to construct the KBCs for non-equilibrium evaporation of vapor
molecules with considering an influence of non-condensable (NC) gas molecules.
Details of the above study can be found in Chapter 4.

Subsequently, we investigated KBCs for non-equilibrium evaporation in vapor—
gas binary mixture system using MD simulations [41]. The non-equilibrium evap-
oration refers precisely to the net evaporation of vapor molecules caused by the
larger evaporation amount than the condensation amount. The calculation system
was put into the non-equilibrium state where the net evaporation of vapor molecules
occurred, and the influence of NC gas molecules on that evaporation was investi-
gated for the construction of the KBCs for non-equilibrium evaporation in the binary
mixture systems.

In the above MD study, it was investigated that whether parameters correspond-
ing to the number of NC gas molecules in the system and a degree of non-equilibrium
are included as variables in KBCs. Furthermore, mechanisms of the effects of those
parameters on the net evaporation of vapor molecules were also investigated in de-

tail. Details of the above study can be found in Chapter 5.



1.6 Structure of the thesis

Finally, we conducted MD simulations to construct KBCs for evaporation of
locally heated vapor molecules. The temperature of vapor molecules located at a
surface region of the gas—liquid interface was instantaneously increased, and the
KBCs immediately after the temperature increase were investigated. The instan-
taneous increase in the temperature of interfacial vapor molecules corresponded to
the rapid temperature increase of a pert of the liquid droplet in contact with the
high-temperature wall or excitation of interfacial liquid molecules by the infrared
irradiation seen in a drying technique [42].

The simulations in the above MD study were also performed in both the single-
component and the binary mixture systems to investigate the influence of NC gas
molecules on the evaporation of vapor molecules caused by the localized and instan-
taneous temperature increase. Details of the above study can be found in Chapter

6.

1.6 Structure of the thesis

The structure of this thesis, which is composed of seven chapters, is summarized as
follows:

In Chapter 2, some models and principals of MD simulations, which are mainly
used in all studies in this thesis, are described. In addition, details of KBCs covered
in Chapters 4, 5, and 6 are also described.

In Chapter 3, the levitation mechanism of impacting droplet on the heated wall—
the mechanism of the occurrence of the Leidenfrost effect—is elucidated using MD
simulations. The results of this chapter have been presented in Tabe et al., Heat
Mass Transf. (2019) and Tabe et al., Int. J. Therm. Sci. (2020).

From the results of Chapter 3, the importance of evaporation from the vicinity of
the interface and flow occurring inside the liquid droplet were confirmed. The results
ensure that it is essential to impose a boundary condition that accurately represents
non-equilibrium evaporation of liquids when investigating physical phenomena with
involving liquid evaporation by using numerical simulation methods other than MD

simulations, such as fluid dynamics analyses. To derive such a boundary condition,
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1.6 Structure of the thesis

the constructions of KBCs which represent the non-equilibrium evaporation of vapor
molecules in vapor—gas binary mixture system were conducted in the subsequent
chapters.

In Chapter 4, the validity of the construction method of KBCs utilized in
molecular-scale simulations is discussed. In that construction method, molecules
moving in the vicinity of the gas—liquid interface are classified into evaporation,
condensation, and reflection molecules. Thus, the motions of molecules around the
interface are investigated to confirm whether the appropriate classification is made.
The results of this chapter have been partially presented in Tabe et al., Plos one
(2021).

In Chapter 5, the KBCs of vapor molecules and NC gas molecules in binary mix-
ture and non-equilibrium system are discussed and constructed. The non-equilibrium
in this MD study represents the state in which the net evaporation occurs due to
the larger evaporation amount than the condensation amount. The relation between
KBCs and parameters that correspond to the number of NC gas molecules and the
degree of non-equilibrium was investigated. The results of this chapter have been
presented in Tabe et al., Int. J. Heat Mass Transf. (2022).

In Chapter 6, the KBCs for evaporation of locally heated vapor molecules were
constructed. The temperature of vapor molecules located in the gas-liquid inter-
face was instantaneously increased, and the KBCs immediately after temperature
increase were discussed and constructed.

In Chapter 7, the obtained results and findings in this thesis are summarized.


https://doi.org/10.1371/journal.pone.0248660
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Chapter 2

Mbolecular-scale simulations

2.1 Molecular dynamics

2.1.1 Intermolecular potential and equations of motion

In molecular dynamics (MD) simulations, equations of motion set up for molecules
are solved by numerical integration to track their trajectories in a calculation sys-
tem. The equation of motion can be set up by a resultant force calculated from
intermolecular interactions.

The intermolecular potential function widely used in MD simulations is the fol-

lowing 12-6 Lennard-Jones potential:

o= |(5)- ()]

where o and ¢ are the diameter of molecules and the potential depth, respectively.
ri; is the distance between the ¢th molecule and jth molecule and is defined as
rij = |r; —r;|, where r; = (x;,¥;,2;) is the molecular position. This potential
function is the pair potential and is composed of the attractive term proportional
to 1/r% and the repulsive one proportional to 1/r'2. The profile of the potential
function ¢(r;;) is shown in Fig. 2.1. The abscissa represents the molecular distance
r;; normalized by o, while the ordinate represents ¢(r;;) normalized by the potential
depth e. Dashed lines represent the attractive and repulsive terms in Eq. (2.1). ¢(75)
shows 0 at 7;; = o, and it shows the minimal value —¢ at r;; = 21/%0.

The resultant force acting on a molecule can be derived from the sum of the
intermolecular forces with other molecules. The force that the ith molecule receives

from the jth molecule is given by the following equations:

Fj = —V;p(ri;) , (2.2)
with
0 0
Vi = exa_l‘i—l_eya_yi—’—eza_zi s (23)
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Figure 2.1: Profile of 12-6 Lennard-Jones potential function.

where e, e,, and e, are unit vectors in the x, y, and 2 directions, respectively. The

resultant force acting on the ith molecule is given by

Fi= ) F;, (2:4)

and the equation of motion for the ith molecule is given by

dQT'i E

where m; is the mass of the 7th molecule.

When setting up the equations of motion, calculating the intermolecular force
with all molecules in the system causes high calculation load. Thus, it is common to
set the cut-off radius r. so that the interaction with molecules outside that radius
are not calculated. Considering the balance between calculation load and accuracy,
1. is widely set in the range 30 < r. < 4o [43].

To derive the velocity of molecules and update their position from the equation
of motion, several methods of numerical integration have been proposed. Among
numerical integration algorithms, the leap-frog method is widely used. The leap-frog
method is one of the symplectic integrators for Hamilton’s equations, and it means

that using this method enables to conserve the energy of the system.

11



2.1 Molecular dynamics

In the leap-frog method, the molecular position is updated from 7;(t) to r;(t+At)
by the following equations:

and
v; (t + %) = v, <t - %) + F;l—f)m +O((AY?) (2.7)

where v; = (v}, v}, v}) is the velocity of the ith molecule. Equation (2.6) is derived
from the difference between the Taylor series of the molecular positions 7;(t + At)
and r;(t) at t + At/2, which are given by

dr; (t + &t
ri(t+ At) = 7 (t+§> +§M

2 2 dt
- (%) % + O((At)?) (2.8)

and

dr; (t + &t
i =r (1451 - Fr )

2 dt
2 2, At
+(§) il i) _owany. )

In addition, Eq. (2.7) is derived from the difference between the Taylor series of the
molecular velocities v;(t + At/2) and v;(t — At/2) at ¢, which are given by

v; (t + %) = v;(t) + %dvd;t(t) + (%) dQZit(;) + O((At)?) (2.10)

and

v; (t - ﬁ) — wi(t) — %d”;l'it) + (%) d;c’l;(;) oAty . (211)

2.1.2 Calculation for macroscopic quantities

Macroscopic quantities such as density, velocity, and temperature fields in the system
can be calculated in MD simulations by setting control volumes in a calculation
system and statistically processing physical quantities of molecules contained in
them. Equations for the calculation of the macroscopic quantities are described as

follows:

12



2.1 Molecular dynamics

Density

The density in the control volume AV is given by
P . (2.12)
AV v

where ¢ € AV means an ith molecule contained in the control volume AV'.

Velocity

The velocity in the control volume AV in a j direction (j = z,y, z) is given by
1 i
v = > & (2.13)
S ieAV

where N! is the number of sample molecules in AV

Temperature

In the case of monatomic molecules, the temperature of the ith molecule T; can be

calculated only by its translational velocities. Thus, T; is given by
“kgT; = —m;(vi™)? (2.14)

where kg = 1.38 x 1072 J/K is the Boltzmann constant and v{" is the thermal

velocity of the 7th molecule. The thermal velocity v!*, which is defined as the

difference between the molecular velocity and an average velocity of a molecular
group u, is given by
D e T (2.15)

(2

Assuming that the average velocity of molecules in the control volume AV is u, the

temperature in it is given by

2 1
TAY — T > 5mi(vi = a)? . (2.16)
S 1EAV

2.1.3 Velocity scaling method
The velocity scaling method [43] is mainly used to keep molecular temperature

constant by modifying their velocities. The molecular velocity v; is modified to v,
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2.1 Molecular dynamics

by the following equation:
Ty
Treal ’

where Ty is the desired temperature to keep constant and 7T,e, is the temperature

(2.17)

UV, = v;

calculated from molecules before applying the velocity scaling method. The above
equation is derived based on the fact that the molecular temperature is proportional
to the square of the their velocity as described in Eq. (2.14). The velocity scaling
method is sometimes applied to all molecules in a calculation system, sometimes to

molecules located in a part of the system.

2.1.4 Boundary conditions

Since MD simulations are performed in a finite domain, it is necessary to set a
boundary condition at the boundaries of the calculation domain. In addition, due
to its large computational load, MD simulations can only handle the number of
molecules that constitute nano- to, at most, submicro-scale systems. Thus, ap-
propriate boundary conditions have to be set for reproducing a large system with
a limited number of molecules and for performing an efficient computation. The
boundary conditions that are utilized in MD simulations in this thesis are described

below:

Periodic boundary condition

The concept of the periodic boundary condition in a two-dimensional system is
shown in Fig. 2.2(a). The original simulation system named the fundamental cell is
surrounded by the image cells under this boundary condition, and molecules in the
image cells move in exactly the same way as that in the fundamental cell. Thus,
when a molecule leaves the fundamental cell through a boundary, one of the molecule

in an image cell will enter through the opposite boundary.

Mirror boundary condition

The concept of the mirror boundary condition where a molecular motion is reflected
is shown in Fig. 2.2(b). Molecular velocities in the tangential direction to the bound-

ary surface are preserved before and after the reflection, while the velocity in the
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2.1 Molecular dynamics

normal direction is reversed its positive and negative signs with the same magnitude.

There are no energy and momentum losses before and after the reflection.

(a) (b)

p oo olp o
o |"a e
?Q/:../:.Q/”

e Q/’? Q/’? @

Figure 2.2: (a) Schematic of periodic boundary condition in two-dimensional sys-
tem. Fundamental cell is considered to be surrounded by image cells under this
boundary condition. Molecules in image cells move in exactly the same way as that
in fundamental cell. (b) Schematic of mirror boundary condition. Molecular ve-
locities in tangential direction are preserved, while velocity in normal direction is
reversed its positive and negative signs with same magnitude.
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2.2 Molecular gas dynamics

2.2 Molecular gas dynamics

Molecular gas dynamics (MGD) analyses based on the Boltzmann equation [37, 38]
enable the investigation of gas flows in the non-equilibrium region in the vicinity
of the gas-liquid interface with considering molecular interactions. When conduct-
ing MGD analyses of phase-change phenomena or when conducting Knudsen layer
analysis to construct boundary conditions for fluid dynamics, a kinetic boundary
condition (KBC) representing the evaporation and condensation of molecules must
be applied to the interface [29], as described in Chapter 1.

In this section, a brief introduction to the Boltzmann equation and the KBCs

are given as follows:

2.2.1 Boltzmann equation

The spatial and temporal evolution of velocity distribution functions for vapor or
gas molecules f(x,&,t) is determined by the Boltzmann equation [29]. « = (z,y, 2)
denotes the position in the physical space and & = (&, &y, &.) denotes the molecular
velocities along the z, y, and z directions at the time ¢. In the following, the
subscripts V' and G represent vapor and NC gas components, respectively.

The Boltzmann equations of vapor molecules and NC gas molecules in binary

mixtures [44] are given by

0 0
—;V + 6—82/ = Cvy + Cve, (2.18)
0 0
—aJ;G + 5—8{: = Cga + Cav, (2.19)

where Cyj (' =V, G;j' =V, G) are the Boltzmann collision term, which represents
the effect of collisions between i’-component and j’-component molecules. The above
equations are derived under the assumption that molecules are monatomic of rigid
elastic spheres and body forces acting on them are negligible small [45].

By solving the Boltzmann equations, the spatial and temporal evolution of ve-
locity distribution functions for molecules is determined with considering molecular
collisions. As the velocity distribution function f(x,€,t) is obtained, the macro-

scopic variables, such as density, velocity, temperature of molecules, at « and ¢
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2.2 Molecular gas dynamics

can be calculated. In addition, the mass, momentum, and energy fluxes passing
through an arbitrary surface can also be calculated from f(x,&,t). The equations
for calculating those variables are summarized in [28,29].

The derivations and detailed introduction to the above Boltzmann equations
and collision terms are omitted in this thesis. The numerical solution method for
Egs. (2.18) and (2.19) and some results of analyses using those equations can be

found in [45-47].

2.2.2 Kinetic boundary condition

KBCs are defined in the form of the velocity distribution function since the Boltz-
mann equation describes spatial and temporal evolution of the velocity distribution
function of molecules. A KBC of vapor molecules, which represents the velocity dis-

tribution function of outgoing vapor molecules from the gas—liquid interface [48,49],

is given by
(}{m = poutf*
2 | ¢2 | g2
ou e S 2.20
:LQX _M ) for £Z>0, ( )
(27 RVT)/? 2RV,

where poy is a density of outgoing vapor molecules from the interface, f* is the
normalized Maxwellian at the liquid temperature 7,, and R" is the gas constant of
the vapor molecules. &, is the molecular velocity in the z direction which is normal
to the liquid surface. In an equilibrium or a weak non-equilibrium state, poy is given

by the following equation [48]:

Pout = Ozep* + (1 - O‘C):uva (2'21)

\ 2 0 e o0 v
po== RVTL ) 7005,2 coll df;rdgydfm (222)

where p* is the saturated vapor density at the liquid temperature 73, and pV is

with

the density of vapor molecules that collide with the interface from the gas phase
with following the velocity distribution function fY,. . and a. in Eq. (2.21) are

the evaporation and condensation coefficients, which represent the evaporation and
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2.2 Molecular gas dynamics

condensation rates of vapor molecules, respectively. It has been reported that a, and
a. are the function of only the liquid temperature 71, in a single-component system
[48,49]. By substituting Eq. (2.21) into Eq. (2.20), the KBC of vapor molecules is
given by

v oe(TU)p (T) + [1 — ae(T1)] " ox (_fg +&+ &2

= for &, . 2.2
out (QWRVTL)S/Q QRVTL ) s Orf >0 ( 3)

For the KBC of NC gas molecules, the following diffuse-reflection condition [29,
33] is applied under the assumption that all NC gas molecules colliding with the
interface from the gas phase are reflected and diffused on the interface:

G _ pue exp (_éi + &+ &2
(2m RGTy )/ 2RCTL,

out —
G o 0 [e's) 00 o
p=- RGTL SR SR 52 coll dgxdgydfz; (225)

where R® is the gas constant for NC gas molecules, and f&

) , for &, >0, (2.24)

with

; is the velocity distri-
bution function of NC gas molecules colliding with the gas-liquid interface from the
gas phase. Note that, Eq. (2.24) does not take into account the dissolution into and
degas from the liquid phase of NC gas molecules. Thus, it does not accurately rep-
resent the accurate behaviors of NC gas molecules around the gas-liquid interface,
and is only the simplified boundary condition assuming diffuse reflection.

KBCs for vapor molecules and NC gas molecules have been proposed in the
forms of Eqgs. (2.23) and (2.24), respectively. However, those KBCs do not include
the effects of dissolution and degas of NC gas molecules and the interaction between
vapor molecules and NC gas molecules in the vicinity of the gas-liquid interface.
This makes it impossible to correctly investigate the gas and vapor flows by MGD
analyses with considering their interactions.

From the above, new KBCs for a binary mixture system have been proposed
using a molar fraction of NC gas molecules in the liquid phase as well as the liquid

temperature 71, [33,50]. Let the molar fraction be ¢, the KBCs of vapor molecules
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2.2 Molecular gas dynamics

and NC gas molecules are given by

vV o _ aZ(TL7 ¢)pv*(TL7 ¢) + [1 _ aX(TLa (b)]:uv

oue (27 RVTy,)*?
G+ +E
X exXp <—W , for §Z < 07 (226)
and
G _ &S(TLa ¢>pG*<TL7 ¢) + [1 B aCG(TIn ¢)]:U’G
ot (2 ROTy )%/
2 2 | g2
+&&+
X exp <—%) , for &, <0, (2.27)
where p"* and p©* are the saturated vapor density and the NC gas density in the

equilibrium state, respectively. In Eqs. (2.26) and (2.27), p"* and p“* are also defined
as a function of Ty, and ¢ similar to the evaporation and condensation coefficients.
This is because it has been reported in previous experimental studies [51,52] that
pV* and p“* depend on a liquid temperature and a partial pressure of molecules
which is related to a molar fraction of the molecules in a liquid phase.

Different from Eq. (2.24), the KBC of NC gas molecules given by Eq. (2.27)
represents the dissolution into and degas from the liquid phase of them; thus, it can
more accurately reproduce the behavior of NC gas molecules in the vicinity of the
gas-liquid interface in MGD analyses. Furthermore, because the molar fraction ¢ is
one of the variables in Eq. (2.26), the KBC of vapor molecules in the binary mixture
system given by Eq. (2.26) also includes the influence of the dissolution and degas
of NC gas molecules.

The evaporation coefficient o) and the condensation coefficient o) of vapor

molecules, which are represented in Eq. (2.26), are given by

JY, JV
14 evap \%4 cond
al = a, = (2.28)
€ Vs TC v
Jout Jcoll

where JV* is the mass flux of vapor molecules outgoing from the gas—liquid interface

to the gas phase in the equilibrium state, J(K,ap is the mass flux of evaporation

vapor molecules, JY is the mass flux of vapor molecules colliding with the gas-

liquid interface from the gas phase, and JY ., is the mass flux of condensation vapor

molecules. Generally, JY* is given by JY* = pV*\/RV'Ty, /2.
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2.2 Molecular gas dynamics

Figure 2.3(a) shows the mass fluxes of vapor molecules moving in the vicinity
of the gas-liquid interface. The figure illustrate that the relationships of the mass

fluxes are given by

TV = Jaear + Ty oy

out evap coll —

=JY

ref

+JY

cond?’

(2.29)

where JY . is the mass flux of vapor molecules outgoing from the gas-liquid interface
to the gas phase, and JY, is the mass flux of vapor molecules that reflected in the

vicinity of the interface.

(a) Vapor molecules (b) NC gas molecules L
x
JCY,H J(Yut sz‘,u inlt
cond e‘\/fap cond ecxiap
ref rof
Reflection Reflection
Condensation Evaporation Dissolution Degas

Figure 2.3: Relationships between molecular mass fluxes in the vicinity of the gas—
liquid interface for (a) vapor molecules and (b) NC gas molecules.

As shown in Fig. 2.3(b), mass fluxes of NC gas molecules moving in the vicinity of
the gas-liquid interface are also defined [33,36]. In the case of the NC gas molecules,
the phenomenon of molecules moving from the liquid phase to the gas phase is called
degas rather than evaporation; the phenomenon of molecules moving from the gas
phase to the liquid phase is called dissolution rather than condensation. However,
for convenience, the mass flux of degassing NC gas molecules is named Jgap and the

mass flux of dissolving NC gas molecules is named J .. similar to the case of vapor

cond?

molecules. In addition, the relationships between mass fluxes of NC gas molecules

are given by the following equations:

Jocflt = Jgap Jref? ']coll Jrctjf + Jcond’ (23())
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2.2 Molecular gas dynamics

where J is the mass flux of NC gas molecules outgoing from the gas-liquid interface
to the gas phase, J¢; is the mass flux of NC gas molecules that reflected in the
vicinity of the interface, and J<), is the mass flux of NC gas molecules colliding with
the gas-liquid interface from the gas phase. Using the above mass fluxes, a& and
af, which are named evaporation coefficient and condensation coefficient although

NC gas molecules degas or dissolve, respectively, are defined as follows:

JG JG
G evap G “cond
o , & ) 2.31
e JOGl’l T; C JCOH ( )

where J&* is the mass flux of NC gas molecules outgoing from the gas-liquid interface
to the gas phase in the equilibrium state.

Molecules moving in the vicinity of the gas—liquid interface must be classified as
evaporation, condensation, and reflection molecules for separately calculating JY

evap’
JY + and JY. for vapor molecules and JS, . J¢

oond? Gaps Jma> and JG for NC gas molecules.

The evaporation and condensation coefficients of molecules are calculated from the
mass fluxes, and thus, the classification of molecules has a large influence on the
appropriateness of KBCs.

As described in Chapter 1, the classification method of molecules for calculating
the mass fluxes is discussed in Chapter 4. Subsequently, the KBCs of vapor molecules
and NC gas molecules in binary mixtures system for non-equilibrium evaporation

are discussed in Chapters 5 and 6.
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Chapter 3

Levitation mechanism of impacting
nanodroplet on heated wall and influence
of liquid—solid intermolecular force on it

Preface

In this chapter, the mechanism of the Leidenfrost effect, which is one of the phenom-
ena involving the liquid evaporation, is investigated using MD simulations. Subse-
quently, the influence of the liquid—solid intermolecular force that is determining

the wettability of the solid surface on that mechanism is investigated.

3.1 Introduction

The liquid droplet can levitate after impacting on the heated wall, and this droplet
levitation phenomenon is well known as the Leidenfrost effect [11], as described at
the beginning of Chapter 1. In several industrial settings such as spray cooling [7,8]
or the mist CVD method [14, 15], the occurrence of the Leidenfrost effect is desired
to suppress or enhance. Thus, further understanding of this phenomenon is required
to control its occurrence, and several studies have been actively conducted.

The primary scope of the investigation for the Leidenfrost effect is the Leidenfrost
temperature, which is defined as the minimum temperature at which the Leiden-
frost effect occurs. It is known that the the Leidenfrost temperature is affected by
several factors such as the impact velocity of the droplet, ambient gas pressure, and
wettability of the solid surface.

The influence of the impact velocity on the Leidenfrost temperature has been
summarized by the Weber number [12,53]. The Weber number, which is the di-
mensionless number representing the ratio of the inertia force to the surface tension
force of a droplet, is given by

B pDV?

We , 3.1
> (3.1)

where p, D, V', and 7 are the density, diameter, impact velocity, and surface tension
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of the liquid, respectively. It has been reported that an impact droplet with high
We increases the Leidenfrost temperature, i.e., the occurrence of the Leidenfrost
effect is suppressed by high We, owing to the balance between an inertial pressure
of the droplet (related to We) and an induced vapor pressure (related to the wall
temperature) [54,55]. In addition, the Leidenfrost temperature has been shown to
be reduced by decreasing the ambient gas pressure [56-59]. Unified and consistent
results have been obtained in the previous studies concerning the influence of the
We or the ambient gas pressure on the Leidenfrost temperature.

Investigations regarding the influence of wettability on the Leidenfrost tempera-
ture have also been actively conducted. Wettability of the solid surface is generally
evaluated by the contact angle 6. Figure 3.1 shows the schematic of the contact
angle 0 of a sessile droplet on a solid wall. 6 can be derived from the Young’s
equation [60] given by

cosf = w, (3.2)

v
where sy, vLs, and 7y are solid—vapor, liquid-solid, and liquid—vapor interfacial

tensions, respectively. The solid surface is identified as hydrophilic when 6 < 90°,
while it is identified as hydrophobic when 6 > 90°.

Tiv

7LS( [4] lsv

Figure 3.1: Schematics of sessile droplet on solid wall. Contact angle 6 can be
calculated from interfacial tensions sy, vLs, and .

It is known that the contact angle changes depending on the roughness of the
solid surface. As wetting states on a roughness surface, there are two models: the
Wenzel model [61] and the Cassie-Baxter model [62]. Figure 3.2 shows the schemat-
ics of those two models. In the Wenzel model, the contact angle 8 is given by the
following equation, which is a modification of the Young’s equation:

r(Ysv — 7Ls)
LV

cos = =rcosé, (3.3)

23
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where r is the ratio of the whole surface area to the apparent surface area, and it
always takes a value of 7 > 1. When 6 on a plane surface shows 6 > 90° (hydrophilic),
0" approaches 0° and it results in strong hydrophilicity. In contrast, § approaches
180° and it results in strong hydrophobicity when 6 on a plane surface originally
shows 6 < 90° (hydrophobic). In the Wenzel model represented by Eq. (3.3), it is
assumed that the interfacial free energy of the solid wall increases because of the

increase in the surface area owing to surface roughness.

(a) Wenzel model (b) Cassie—Boxter model

Figure 3.2: Schematics of (a) Wenzel model and (b) Cassie-Boxter model.

In addition, on a hydrophobic surface, the wetting state changes from the Wenzel
model to the Cassie-Baxter model when air is contained in the gap of roughness
on the solid surface. Under the assumption that the liquid becomes a sphere shape
with the contact angle of 180° in the air, the contact angle #” in the Cassie-Boxter
model is derived from the Young’s equation as follows:

cos@” = fcosf+ (1 — f)cos180°
= fcosf+ f—1,

where f represents the ratio of the area where the solid wall is in contact with

(3.4)

the droplet to the apparent surface area. Note that the Wenzel and Cassie-Boxter
models are held only when the scale of the surface roughness is well below droplet
diameters.

Studies have been conducted on the Leidenfrost temperature with changing wet-
tability by adding nano- or micro-structures to the surface of a high-temperature
wall. Some previous studies have reported that structured surfaces decrease the Lei-
denfrost temperature [54,63,64], whereas other types of structured surfaces increase

the Leidenfrost temperature [65,66].
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Wettability is also affected by the strength of a liquid—solid interaction that
changes depending on materials of the liquid or solid and on chemical treatments
on the solid surface. Chemical treatments change the wettability while keeping
a solid surface in almost the same geometric shape. It has been reported that
the Leidenfrost temperature increases on a hydrophilic surface yielded by a plasma
irradiation [67], while it decreases on hydrophobic surfaces yielded by Teflon or silane
coating [64,68].

Although several studies have been conducted, there is less unified view on the
influence of wettability on the Leidenfrost temperature unlike the cases of We and
ambient gas pressure. We consider that the influence of wettability on the Leiden-
frost effect can be examined by clarifying the mechanism of the droplet levitation and
investigating which part of this mechanism wettability largely acts on. However, in
experimental approaches, it is difficult to quantitatively investigate the factors that
may affect the occurrence of the Leidenfrost effect, such as evaporation amounts
and temperature changes inside the evaporating droplet. Therefore, analyses by
numerical calculation methods are useful for solving the above issues.

From the above, in this study, we conducted MD simulations to elucidate the
mechanism of the Leidenfrost effect and the influence of wettability on the occur-
rence of this phenomenon. Because phase changes occur on a molecular scale, MD
simulations allow us to investigate the evaporation from or condensation into lig-
uids without any special models or boundary conditions for representing evapora-
tion/condensation. For instance, MD studies have been conducted to investigate
the evaporation of a liquid film or a sessile droplet on the heated wall [69-75], bub-
ble nucleation in side a liquid [76-81], or liquid condensation [82-85]. In addition,
MD studies of the droplet impact on an unheated wall [86-90] have also been con-
ducted; however, the droplet impact on the heated wall has not been investigated
much in MD simulations. Thus, the MD simulation is considered to be the effective
and novel approach to elucidate the mechanism of the Leidenfrost effect, which is
accompanied with the liquid evaporation.

Another advantage of using MD simulations is that we can easily change the

strength of the liquid—solid intermolecular force. The factors that affect wettability
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of the solid surface are the liquid—solid intermolecular force and surface structures,
as mentioned above. Because the former one is a more fundamental factor for de-
termining wettability of the solid surface than the latter one, we focused on the
liquid—solid intermolecular force and clarified its influence on the levitation mecha-
nism of the impacting droplet.

From the above, the objectives of this MD study are summarized as follows:
to elucidate the levitation mechanism of the impacting droplet on the heated wall,
i.e., the mechanism of the occurrence of the Leidenfrost effect, and to clarify the
influence of the liquid—solid intermolecular force on that mechanism.

Incidentally, a droplet rebound, which is another phenomenon in which the
droplet detaches from the solid wall after impacting on the solid wall, occurs when
the wall has a super hydrophobic surface [91-93]. In this MD study, we also investi-
gated the rebound mechanism to confirm that the rebound and the Leidenfrost effect
have completely different mechanisms for their occurrence. The rebound mechanism

is described in Appendix A.

3.2 Method

3.2.1 System conditions and calculation models

Figure 3.3 shows the calculation system in this MD simulations, which was composed
of the nanodroplet, vapor, and solid wall. Argon (Ar) molecules were used for the
nanodroplet and vapor (26, 770 molecules), and platinum (Pt) molecules were used
for the solid wall (140,400 molecules). The initial diameter of the nanodroplet was
Dy =~ 12.60 nm, and the dimensions of the system were L, = 43.3 nm, L, = 43.2 nm,
and L, = 40.0 nm. The periodic boundary conditions were imposed in the x and
y directions, while the mirror boundary condition was imposed on the top surface
in the z direction. The cut-off radius was set as 7. = 1.5 nm (= 4.40,,) because
it has been shown that r, > 4.00, leads almost similar simulation results as when
re = 00 [94-96]. Equations of motion were solved by using the leap-frog method
with the time step At =5 fs.

To established the initial condition of this study, the nanodroplet and vapor

26



3.2 Method

Nanodroplet & vapor
(Equilibrated at 85 K)
z
Yy
x
Solid wall

Figure 3.3: Initial condition of the calculation system. It is composed of nanodroplet,
vapor, and solid wall.

were equilibrated at Ty = 85 K by applying the velocity scaling method to the argon
molecules in the system without the platinum wall [96]. In this process, the periodic
boundary conditions were imposed in all directions of the system, and the center of
gravity of the nanodroplet was controlled to be always located at the center of the
system. After reaching the vapor-liquid equilibrium state, the platinum wall with
Th = 85 K was inserted at the bottom of the calculation system, and the initial
condition of this study (Fig. 3.3) was formed.

The droplet impact on the solid wall was realized by giving a downward initial
velocity Vg to the Ar molecules that composes the nanodroplet. 1, was set to 3
patterns of V5 = —100, —200, and —300 m/s. The corresponding Weber numbers
were We = 13.6, 54.3, and 122, respectively. For calculating these We by Eq. (3.1),
we applied p = 1400 kg/m* and v = 0.013 N/m, which were derived from the
previous MD study [96]. The orders of the Weber number, We, in this MD study
are in good agreement with those in the previous experimental studies [54, 55,57,
64,66,97-105].

Since the mass of Ar molecule is quite small and the droplet diameter is smaller
than the capillary length [, = \/W , the gravitational acceleration g = 9.81 m/s?
was not imposed to all molecules in the present simulations. We have confirmed

that there was no difference in obtained results when imposing the gravitational
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acceleration on the molecules in several cases. Thus, we conclude that there is no
influence of not-imposing the gravitational acceleration to molecules on the results
in this MD simulations.

When the droplet was given the initial velocity, the wall temperature was raised
to the target temperature Ty, from 7j = 85 K by applying the Langevin method [106].
The target temperature of the heated wall in this study were varied in the range of
85 K < T, <400 K. Detailed descriptions of the structure of the Pt wall and the
Langevin method are given in the next subsection (Section 3.2.2).

For the intermolecular potential between Ar molecules, we used the 12-6 Lennard-
Jones potential function, given by Eq. (2.1), with the potential parameters of £, =
1.635 x 1072! J and o4, = 0.3405 nm. For the intermolecular potential between Ar
and Pt molecules, the following parameters were derived from the Lorentz—Berthelot
mixing rule:

o = T I  = Ve E (35)
where epy = 8.346 x 1072 J and op; = 0.2475 nm. Here, it has been reported
that applying these parameters to Eq. (2.1) yields overly attractive intermolecular
force [107]. Thus, to resolve this issue, we used the following potential function and
parameters [108,109]:

o OAr—Pt 2 OAr—Pt 0
Oar—pe(1ij) = dear—py A -3 ) (3.6)

’f‘i] rij

where
OAr + Op¢

OAr—Pt = T, EAr—Pt = am- (3-7)
The strength of the intermolecular force between Ar and Pt molecules can be ad-
justed by varying o and § in Egs. (3.6) and (3.7).

The Ar-Pt intermolecular force corresponds to the liquid-solid intermolecular
force. Because the strength of this intermolecular force strongly affects the interfacial
tensions, varying its strength causes the change in wettability of the solid surface.
In previous studies [76,79,86,88,110,111], MD simulations have been conducted in
which wettability of the solid surface is changed by varying the strength of the liquid—
solid intermolecular force. These studies have reported that the strong liquid—solid

intermolecular force leads strong hydrophilicity of the solid surface.
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In this chapter, the influence of wettability on the evaporation and levitation
process of the impacting nanodroplet is the main theme and is extremely impor-
tant. Thus, we varied the strength of the liquid—solid intermolecular force given by
Egs. (3.6) and (3.7) to investigate its influence on the behaviors of the impacting
nanodroplet on the heated wall. Detailed descriptions of wettability of the solid wall
in this MD simulation are given in Section 3.2.3.

The conditions for the simulations in the present MD study are summarized in

the following table.

Table 3.1: Simulation conditions for this MD study.

Droplet and vapor molecules Argon (26,770 molecules)
Solid molecules Platinum (140,400 molecules)
Initial diameter of nanodroplet D, 12.60 nm
Dimensions of system L, x L, x L, 43.3 x 43.2 x 40.0 nm
Initial velocity of nanodroplet V} —100, —200, and —300 m/s
Weber number We 13.6, 54.6, and 122
Initial temperature of system T 85 K
Wall temperature T, 85400 K
Potential parameters in Egs. (3.6) and (3.7) « =0.07, 0.14, 1.0, 5 =1.0
Boundary condition (x and y directions) Periodic boundary condition
Boundary condition (top z surface) Mirror boundary condition

3.2.2 Structure and properties of platinum wall

Because the aim of this study is to investigate the influence of the liquid—solid
intermolecular force on the droplet levitation, an influence of changing in the wall
temperature owing to the droplet impact or evaporation latent heat is out of our
research scope. From the above, we used a Pt solid wall with phantom molecules
[112,113] that can maintain a constant temperature even when the droplet impacts
on it. The Pt wall with a fairly flat surface is composed of the real molecules,
phantom molecules, and fixed molecules. Figure 3.4 shows the simple schematic of

the structure of the platinum wall [114].
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Real molecules -
(3 layers)

Phantom molecules
Fixed molecules

Figure 3.4: Structure of solid wall with phantom molecules. The wall is composed
of real molecules (3 layers), phantom molecules, and fixed molecules.

The real molecules were arranged in three layers to be the fce(111) surface. Each
layer of real molecules was composed of 28,080 molecules (156 and 180 molecules
in x and y directions, respectively). The real molecules were connected to adjacent
molecules by a spring with a spring constant of k, and the following harmonic

oscillator function was used for the interaction between them:

Ppi(rij) = %k(ﬁ‘j —19)?, (3.8)

where k is 46.8 N/s and the lattice constant of platinum rq is 0.2774 nm.

Just below the bottom layer of the real molecules, there are the phantom molecules
that were connected to the real molecules by an anisotropic spring with the spring
constant of 0.5k in the z and y directions and 2k in the z direction. Moreover,
the fixed molecules beneath the phantom molecules were connected to the phantom
molecules by a damper with a damping coefficient ¢ = 5.18 x 107!2 kg/s and an
anisotropic spring with the spring constant of 3.5k in the x and y directions and 2k
in the z direction. The positions of the fixed molecules were fixed at the bottom
surface of the calculation domain and they did not move during simulations. This
kept the entire solid wall at the bottom of the calculation system. The number of
phantom molecules and fixed molecules were both 28,080.

As described in the previous subsection, the temperature of the solid wall was
controlled by the Langevin method. In this method, the phantom molecules were

excited in all directions by a random force that follows a Gaussian distribution with
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the following standard deviation for each time step:

/2C]{,’BTW

By using Box-Muller transform [115], the random force f, with the standard devi-

ation sp is given by
fr = spy/—2log X -sin(27Y) | (3.10)

where X and Y are independent numbers within the uniform distribution on the
interval (0, 1). In the present MD simulations, the Mersenne Twister [116] was used
to generate X and Y as pseudorandom numbers for calculating f; in Eq. (3.10).
Owing to the balance between the energy obtained by the random force and that
lost by the damper connecting phantom and fixed molecules, the thermal reservoir
that keeps the solid wall at T, can be reproduced [43,106].

The time evolutions of wall temperature in several cases of T}, in this study are
shown in Fig. 3.5. The dashed line represents the time when the liquid droplet
with Vy = —300 m/s impacted on the wall. Even when V5 = —300 m/s, where the
droplet impacts at the earliest time in each V, the wall temperature is raised to
the target temperature from the initial temperature well before the droplet impact.
In addition, the wall temperature remains constant even after the droplet impact.
Therefore, the solid wall was shown to be appropriately controlled to maintain the

target temperature before and after the droplet impact in this MD simulations.

3.2.3 Wettability of solid surface

As described in Section 3.2.1, wettability of the solid surface can be changed by
adjusting the parameters o and § in Egs. (3.6) and (3.7) that determine the strength
of the liquid—solid intermolecular force. In previous studies [88,110], MD simulations
have been conducted with varying the strength of the liquid—solid intermolecular
force to compare behaviors of the impacting droplet on the solid wall with that
observed in experimental studies.

Sedighi et al. [110] reported that similar behaviors to the impacting droplet
observed in the experimental study [117] could be reproduced in their MD simulation

by adjusting the strength of the liquid-solid intermolecular force. With reference
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Figure 3.5: Time evolutions of wall temperature. Dashed line represents the time
liquid droplet impacted with V5 = —300 m/s.

to their MD study, we varied a = 0.07, 0.14, and 1.0 with § = 1.0 in the present
MD simulations. Here, o = 0.14 leads €a,_py = €a;, Which means that the strength
of the liquid—solid intermolecular force becomes equal to that of the liquid-liquid
intermolecular force. The behaviors of impacting nanodroplet on the heated wall
and the subsequent levitation mechanism of it were investigated by varying the value
of o in this chapter.

When the liquid-solid intermolecular force is strong owing to the high value of
«, vapor argon molecules can adsorb to the solid surface before the droplet impacts
on the wall. Because saturated vapor pressure differs between the liquid droplet and
the adsorption thin layer on the wall, it is impossible to establish the equilibrium
state including the adsorption layer with aligning the number of Ar molecules in
the vapor phase and the initial diameter of the droplet. Thus, to maintain the
surface state of the wall constant until the droplet impact in all cases of simulation
conditions, we set v = 0.007 for the vapor—solid intermolecular force. This setting
makes it possible to reproduce the droplet impact on the solid surface in the same
state regardless of the value of a.

We next describe the wettability of the solid wall in MD simulations. In nano-

or micro-scale system, it is known that the Young’s equation in Eq. (3.2) is modified
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as follows [118]:

Tsv — TLs /v
YLV R

where R is the radius of a spherical cap in contact with the solid surface, and 7

cosf = (3.11)

is the line tension. It has been reported that, for a hemicylindrical droplet system
with 7 = 0 due to the no curvature on the contact line [119], an apparent contact
angle of the droplet on a flat and smooth surface corresponds well to the contact
angle calculated by the Young’s equation (given by Eq. (3.2)) with the interfacial
tensions obtained in nano-scale MD simulations [120,121]. However, in the case of
the spherical cap of the sessile droplet on the solid wall (i.e., the case where 7 # 0),
the interfacial and line tensions in Eq. (3.11) must be calculated when obtaining the
contact angle of the droplet.

The difficulty of calculating the interfacial and line tensions in Eq. (3.11) com-
plicates the evaluation of the contact angle which is not the main theme of this
study. In addition, a strong liquid—solid intermolecular force causes the formation
of an absorption layer of liquid molecules on the solid surface with the thickness
of approximately a single molecular layer. The adsorption layer makes it difficult
where in the sessile droplet should be defined as the contact angle. Thus, to avoid
ambiguous and complicated discussion of the contact angle, we did not quantita-
tively calculate and evaluate the contact angle 6 of the droplet in the present MD
study.

Instead of calculating the contact angle, we qualitatively demonstrate the shape
of the sessile droplet from snapshots of MD simulations to confirm the tendency that
the strong liquid—solid intermolecular force leads strong hydrophilicity of the solid
surface as seen in the previous studies [76,79,86,110,111]. Figure 3.6 shows snapshots
of the side view of the droplet on the unheated solid wall at T, = 85 K when o = 0.07
and 1.0. The droplet was gently rested on the wall by giving the initial velocity of
Vo = —3 m/s so that the inertial force would not affect the spreading process after
impacting. The solid surface shows weak hydrophilicity when o = 0.07 and it shows
strong hydrophiliciy when a = 1.0. The figure illustrates that the same tendency
of wettability which is seen in the previous studies is confirmed in the present MD

simulations.
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Figure 3.6: Droplet shapes with Vj = —3 m/s for (a) @ = 0.07 and (b) o = 1.0.

3.2.4 Control volumes and definition of Leidenfrost effect

Double-cylindrical control volumes

By calculating macroscopic quantities such as the density, velocity, and temper-
ature fields inside the nanodroplet, it is possible to quantitatively investigate the
evaporation and levitation processes of droplets on the heated wall. Because the
droplet impact could be considered as an axisymmetric phenomenon, we set double-
cylindrical control volumes shown in Fig. 3.7 for calculating the macroscopic quan-

tities [16,17,88].

Figure 3.7: Schematic of double-cylindrical control volumes consisting of 63 layers
and 63 shells. Height and width of each control volume are dz = dr = oa,.

The control volumes consisted of 63 layers and 63 shells. The height dz and the
width dr of each control volume were both o,,. In the control volumes, the bottom
layer and the innermost shell were defined as Layer 1 and Shell 1, respectively. In
this chapter, the density, velocity, and temperature fields were calculated by using
Egs. (2.12), (2.13), and (2.16) shown in Section 2.1.2. The macroscopic quantities

were obtained every 2 ps by calculating the average values of 400 steps (time step
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At =5 fs) in each control volume. The example of a snapshot of an MD simulation
and the corresponding density field are shown in Fig. 3.8. Positions of the intersec-
tions of the grid displayed on the density field correspond the center of each cell of
the control volumes. Thus, the values of density calculated in the control volumes

are stored at the intersections of the density-field map.

Figure 3.8: Snapshot of MD simulation (left side) and calculated density field (right
side). Bottom layer and innermost shell of the control volumes are defined as Layer
1 and Shell 1, respectively.

Definition of occurrence of Leidenfrost effect

From the gradation image of the nanodroplet shown in the right side of Fig. 3.8, it
is quite difficult to define the time when the droplet detached from the solid wall
because of the ambigious distinction between the bulk liquid region and the vapor
region. Thus, to clearly distinguish between the liquid phase (the nanodroplet)
and the vapor phase so that the levitation time could be defined, the threshold
density was set and the binarization was performed. Because the critical density of
the Lennard-Jones fluid with potential parameters of the Ar molecule is reported
as p. = 430.26 kg/m? in [122], we set the threshold density as 430 kg/m? for the
binarization.

Figure 3.9 shows an example of the density fields for the gradation and binary
images of the impacting droplet on the heated wall. The red part on the right side

of the figure represents the liquid-phase region whose density exceeds the threshold
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density of 430 kg/m3. This figure illustrates that the shape of the droplet can be

clearly identified in the binary image.

Figure 3.9: Density field of droplet with gradation image (left side) and binary image
(right side). Red part in binary side represents liquid-phase region whose density
exceeds threshold density of 430 kg/m3.

In previous experimental studies [103, 123], the occurrence of the Leidenfrost
effect has been defined as the detaching of the liquid from the heated surface. Based
on this definition, we set a criterion for the occurrence of the Leidenfrost effect
in this MD study as to whether the liquid-phase region detached from the solid
wall. In particular, Kobayashi et al. reported in their MD study [88] that argon
molecules located above Layer 4 of the control volumes were largely unaffected by
the intermolecular force with the solid molecules owing to the balance between the
cut-off radius r. and the heights of the control volumes dz. From this reason, we
defined the case where the liquid-phase region levitates above Layer 4 of the control
volumes as the occurrence of the Leidenfrost effect in this study.

However, there are some cases where it is difficult to judge that the Leidenfrost
effect of the droplet occurred because the liquid-phase part levitated above Layer 4
but did not maintain sufficient volume. Hence, in this study, the occurrence of the
Leidenfrost effect was discriminated by three cases: the case where it occurs, the
case where it did not occur, and the case where it is impossible to distinguich the

occurrence. An example of these three cases is shown in Fig. 3.10.

3.3 Results and discussion

In this section, we firstly describe conditions under which the droplet levitation
occurs and behaviors of the impacting/levitating droplet on the heated wall. Sec-

ondly, we describe the levitation mechanism of the impacting droplet on the wall
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Figure 3.10: Droplet behavior after impacting on heated wall for a« = 1.0 and
We = 122 (V5 = —300 m/s) for the cases where (a) Leidenfrost effect occurred, (b)
it is impossible to distinguish occurrence, and (c) Leidenfrost effect did not occur.
Wall temperature Ty, = (a) 298 K, (b) 200 K, and (c) 187 K, respectively.

for the case of o = 0.14 as a representative. Finally, we discuss the influence of the

liquid-solid intermolecular force on the levitation mechanism.

3.3.1 Droplet behaviors after impacting on heated wall

The behaviors of the impacting and levitating droplets on the heated wall are de-
scribed from the viewpoint of the droplet shapes during simulations in this subsec-
tion. From MD snapshots, we cannot observe the clear shape of the droplet due to
the overlapping of vapor molecules located in the vapor phase. Thus, we basically
show the droplet appearances and behaviors using the binarized density fields in
this chapter.

Figure 3.11 shows binarized density fields of the impacting droplet on the heated
wall for v = 0.14 with We = 13.6 (V, = —100 m/s). The wall temperatures shown
in the figure are T, = 213, 255, and 340 K. The time when the droplet touched
to the wall was set to t = 0 ps. The impacting droplet evaporated and did not
levitate on the heated wall at T, = 213 K, as shown in Fig. 3.11(a). In contrast,
the droplet levitated after impacting on the heated wall at T, = 255 and 340 K,
as shown in Figs. 3.11(b) and 3.11(c), respectively. Moreover, the time when the
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Leidenfrost effect occurs is earlier when T, = 340 K than when T, = 255 K. The
figure confirms that the Leidenfrost effect is more likely to occur at a higher wall
temperature. This tendency is in good agreement with the results in the previous

experimental studies [57,63,97,98,103].

Figure 3.11: Binarize density fields of impacting droplet for & = 0.14 at Ty, = (a) 213
K, (b) 255 K, and (c) 340 K. Weber number of droplet is We = 13.6 (Vo = —100 m/s).

Figure 3.12 shows binarized density fields of the impacting droplet on the heated
wall at T, = 213 K with We = 13.6 (V;, = —100 m/s) for each case of a. The time
when the droplet touched to the wall is set to t = 0 ps. The figure illustrates that
the impacting droplet on the heated wall does not levitate in the cases of a = 0.07
and 0.14, whereas it levitated in the case of a = 1.0. This results suggest that
the Leidenfrost effect is more likely to occur when the value of « is large, i.e., the
liquid—solid intermolecular force is strong.

From Figs. 3.11 and 3.12, we can observe that a part of the liquid-phase region

is remained on the heated wall as the adsorption layer when o« = 0.14 and 1.0. The

38



3.3 Results and discussion

Figure 3.12: Binarized density fields of impacting droplet at T\, = 213 K for o = (a)
0.07, (b) 0.14, and (c) 1.0. Weber number of droplet is We = 13.6 (Vy; = —100 m/s).

adsorption layer, which is caused by the strong liquid—solid intermolecular force,
remains on the heated wall after the droplet levitated in the case of @ = 1.0 as
shown in Fig. 3.12(c). In contrast, in the case of a = 0.14, the adsorption layer
evaporates as time passes due to the weaker intermolecular force than in a = 1.0,
as shown in Figs. 3.11(b) and 3.11(c).

It has been reported that an adsorbed region, where evaporation of liquids does
not occur, is present due to strong intermolecular interactions in the vicinity of the
contact line of the liquids on a solid wall at the microscopic scale in reality [124,125].
Under the conditions in the present MD simulations, we consider that this non-
evaporation region corresponds to the adsorption layer formed in Layer 1 of the
control volumes.

Figure 3.13 shows the evaporation and separation position of the impact droplet

on the heated wall for a = 0.14. The figure indicates that the droplet evaporates
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Figure 3.13: Evaporation and separation position of levitating droplet for oo = 0.14
at Ty, = 255 K.

from above the adsorption layer and is separated primarily from Layers 2—4. Thus,
when investigating the liquid temperature or the evaporation amount to elucidate
the levitation mechanism of the impacting droplet, we should focus on the region
above the adsorption layer in the cases of @ = 0.14 and 1.0.

In this subsection, the density fields of the impacting droplets are shown to
explain the behaviors of the impacting or levitating droplet by taking some cases as
an example. In the next subsection, we describe the Leidenfrost temperature of the

impacting droplet for each case of @ and We in this MD simulations.

3.3.2 Leidenfrost temperature

Figure 3.14 shows phase diagrams representing whether the Leidenfrost effect oc-
curred for each case of a. The open circles represent the cases where the Leidenfrost
effect occurred, the crosses represent the cases where the Leidenfrost effect did not
occur, and the open triangles represent the cases where it is impossible to distinguish
the occurrence. An example of each case is already shown in Fig. 3.10 in Section
3.2.3. The abscissa and the ordinate are We and the wall temperature, respectively.
To make the phase diagrams shown in Fig. 3.14, 210 simulations were performed
with different wall temperatures, values of «, and initial velocities Vj.

Since random numbers are given to the phantom molecules of the solid wall dur-
ing simulations, the results can differ even under the same conditions. For instance,
in the case of @« = 1.0, We = 122, and T,, = 213 K, we obtained the two results
that the Leidenfrost effect occurred and where it was impossible to distinguish the
occurrence.

The temperature between the wall temperatures where the Leidenfrost effect

40



3.3 Results and discussion

Figure 3.14: Phase diagrams of Leidenfrost effect for (a) o = 0.07, (b) = 0.14, and
(c) @ = 1.0. Open circles represent cases where Leidenfrost effect occurred, crosses
represent cases where Leidenfrost effect did not occur, and open triangles represent
cases where it is impossible to distinguish occurrence.

occurred and did not occur for each We in Figs. 3.14(a)-3.14(c) denotes the minimum
temperature at which the Leidenfrost effect occurs, i.e., the Leidenfrost temperature.
In the case of We = 122, the occurrence of the Leidenfrost effect was not observed
with o = 0.07. Because the Leidenfrost temperatures for a = 0.14 and 1.0 in the
case of We = 122 were higher than those in the cases of We = 13.6 and 54.3, the
high We is shown to tend to increase the Leidenfrost temperature and suppress the
occurrence of the Leidenfrost effect in all cases of «.

As already described in “Introduction” of this chapter (Section 3.1), it has been
reported in previous studies [54,55] that the high We increases the Leidenfrost tem-
perature owing to the balance between the generated vapor pressure and the inertial
pressure of the droplet. In some previous studies by experiments [54,55,57,64, 66,
98-100, 103, 104], the same relation between We and the Leidenfrost temperature
has been reported. Therefore, with regard to the influence of We on the Leidenfrost
temperature, the tendency obtained in the present MD simulations is well consistent
with the results obtained in the previous experimental studies.

The minimum Leidenfrost temperature that is confirmed in Fig. 3.14 is approx-
imately 200 K, and it is higher than the critical temperature of argon molecules
in the MD simulations at 7, = 154.5 K [122]. Previous experimental studies have
shown that the Leidenfrost temperature seldom exceeds a critical temperature of a

utilized liquid [57,64,97,103]. In this study, the liquid droplet and the ambient gas
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were composed only of argom molecules. This indicates that there were no impuri-
ties or non-condensable gas molecules in the liquid droplet which can contribute an
occurrence of bubble nucleations.

Furthermore, the Pt wall utilized in this study has a fairly flat surface, which
makes it more difficult for heterogeneous nucleation to occur than walls with a
surface structure [76,79]. The evaporation and boiling in the present MD simulations
are less likely to occur than in experimental conditions, and we consider that this is
one of the reasons that the Leidenfrost temperature exceeds the critical temperature
of argon.

Figure 3.15(a) shows the Leidenfrost temperature for each value of o obtained
from Figs. 3.14(a)-3.14(c). For all cases of We, the Leidenfrost temperature becomes
lower as the value of « increases. This indicates that the Leidenfrost effect is likely to
occur when the solid surface has the strong hydrophilicity. In a previous study [64], it
has been reported that the Leidenfrost temperature on a strong hydrophilic surface is
lower than that on a hydrophilic surface. Thus, regarding the relationship between
the Leidenfrost temperature and hydrophilicity of the solid surface, the tendency
obtained in the present MD simulations is in good agreement with that obtained in
the experimental studies.

Unlike the case of We, the influence of wettability on the Leidenfrost temperature
has not been understood well, as mentioned in Section 3.1. To elucidate the reason
why the Leidenfrost temperature changes according to wettability, it is necessary to
clarify how wettability affects the occurrence of the Leidenfrost effect. Therefore, we
first investigate the levitation mechanism of the impact droplet on the heated wall—
the cause of the occurrence of the Leidenfrost effect—when the wall temperature is
sufficiently high.

As shown in Fig. 3.10, the higher We causes the droplet to levitate in a thinner
shape with a smaller volume compared to the case of lower We shown in Fig. 3.11.
In addition, the time from the impact to the levitation is shorter as We becomes
higher. These make it difficult to conduct the investigation with regard to a liquid—
solid heat transfer and the mechanism of the accompanying levitation. Thus, we

focus on the case of We = 13.6 (Vo = —100 m/s) to discuss the mechanism of how
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Figure 3.15: (a) Leidenfrost temperature for each value of a. (b) Phase diagram
for Leidenfrost effect at We = 13.6 (V5 = —100 m/s). Open circles represent cases
where Leidenfrost effect occurred, crosses represent cases where Leidenfrost effect
did not occur, and open triangles represent cases where it is impossible to distinguish
occurrence.

the impacting nanodroplet levitates from the heated wall. Figure 3.15(b) shows
the phase diagram for the Leidenfrost effect in the case of We = 13.6. The figure
confirms that even in the case of We = 13.6, the Leidenfrost is more likely to be
occurred as the value of « increases.

In the following subsections, we describe results of the investigation on the lev-
itation mechanism of the impacting nanodroplet on the heated wall in the case of
a = 0.14 as a representative. Afterwards, we discuss and demonstrate the influence

of the liquid-solid intermolecular force (i.e., the value of ) on that mechanism.

3.3.3 Velocity occurring inside droplet

Focusing on the shapes of the levitating droplet shown in Fig. 3.11, we can observe
that the droplet levitates almost horizontally when T, = 255 K; meanwhile, the
droplet levitates from its edge part when T, = 340 K. This suggests that a higher
upward velocity is caused at the edge of the droplet rather than at the center when
the wall temperature is high enough.

To verify how much the upward velocity occurring inside the droplet is different

between the edge and center parts, we calculated time evolutions of z directional
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velocities separately for these two parts. The velocities at both the edge and center
parts were calculated as the average velocities within the six shells of the control
volumes.

Figure 3.16(a) shows the calculation domains for the average velocities. Because
Shell 1 has a small number of sampling molecules due to its small volume, it is
excluded from the calculation of the average velocity at the center of the droplet.
Furthermore, Layer 1 of the control volumes was also excluded from the calculation
because the liquid molecules form the adsorption layer at Layer 1 on the solid surface.
Thus, as shown in Fig. 3.16(a), the average velocity at the center part was calculated
in Shells 2-7 above Layer 2, and that at the edge part was calculated in six shells
from the outermost shell above Layer 2.

Figures 3.16(b)-3.16(d) show the time evolutions of z directional average veloc-
ities at the edge, center, and whole of the droplet in the cases of T, = 213, 255,
and 340 K. The open squares in Figs. 3.16(c) and 3.16(d) represent the time when
the Leidenfrost effect occurred. The average velocities at ¢ = 0 ps show approx-
imately V' = —100 m/s in all cases of T}, because the initial velocity was set at
Vo = —100 m/s in this analysis. Moreover, the average velocity at the edge of the
droplet increases faster than that at the center of the droplet in the early stage after
the impact (approximately ¢ < 70 ps) in all cases of Ty,. This is owing to the droplet
shape in the impacting and spreading processes, and it is irrelevant that the solid
wall has a high temperature because this fast increase at the edge of the droplet
occurs even when the solid wall is unheated.

In the case of Ty, = 213 K, little difference in the average velocities inside the
droplet is shown and the occurrence of the Leidenfrost effect is not observed. Mean-
while, in the cases of T, = 255 K and 340 K, the average velocity at the edge of
the droplet exceeds the velocities at the center and whole of the droplet as shown in
Figs. 3.16(c) and 3.16(d). These indicate that a larger upward velocity was occurred
at the edge of the droplet than at center and whole of the droplet in the cases where
the Leidenfrost effect occurred. Thus, these results indicate that the higher velocity
occurring at the edge part of the droplet contributes the levitation of the entire

droplet.
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Figure 3.16: (a) Schematic of calculation domains for z directional velocities at edge
and center parts of droplet. Time evolutions of z directional average velocities at
edge, whole, and center of droplet for &« = 0.14 at (b) Ty, = 213 K, (¢) Ty, = 255 K,
and (d) Ty, = 340 K. Initial velocity of droplet is V; = —100 m/s (We = 13.6).

Open squares in (c) and (d) represent the time when Leidenfrost effect occurred.

After the occurrence of the Leidenfrost effect, the average velocities of the three
regions inside the droplet show the same velocity at approximately V = 35 m/s for
Ty = 255 K and 340 K. In general, the higher the wall temperature, the faster the
levitation velocity of droplet is expected. However, Figs. 3.16(c) and 3.16(d) show
that the levitation velocities are almost the same for the different wall temperatures.
When the wall temperature is higher, the droplet levitates in a shorter time after
impacting and the total evaporation amount becomes lower. This causes the droplet
to maintain a higher number of molecules as the wall temperature increases. The
levitating droplet maintained a large volume when T, = 340 K, and therefore, the

levitation velocity did not exceed that of Ty, = 255 K.
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Subsequently, we conducted another investigation on the velocity occurring in-
side the droplet to clarify why the large upward velocity was generated at the edge
of the droplet when the solid wall had a sufficiently high temperature. Figure 3.17
shows the binarized density fields and corresponding velocity fields in the z and r
directions for « = 0.14 at T, = 340 K. The velocity fields in the z direction shown in
Fig. 3.17(b) correspond to the average z directional velocities shown in Fig. 3.16(d).
Since the droplet was assigned the initial velocity toward the solid wall, the entire
droplet has negative z directional velocities in the initial stage of impacting as shown
in Fig. 3.17(b). After impacting on the heated wall, the velocity at the edge of the

droplet increases significantly as discussed in the results in Fig. 3.16(d).

Figure 3.17: (a) Binarized density fields of impacting droplet for a = 0.14 at Ty, =
340 K. Corresponding velocity fields in (b) z direction and (c) r direction. Dotted
line in (c) approximately divides droplet into upper and lower parts.

Figure 3.17(c) shows the velocity fields in the r direction, which is defined with
the radially outward direction as positive. Because the droplet spreads on the solid
wall after impacting on it, the bottom of the droplet shows a high outward velocity
at t = 50 ps. After this spreading stage, a radial outward velocity is caused at the

bottom of the droplet. The dotted line in Fig. 3.17(c) divides the droplet approxi-
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mately into the upper part and the lower part. As shown in the figure, an outward
velocity occurs primarily in the lower part of the droplet, whereas an inward velocity
occurs primarily in the upper part. After the droplet levitated, the velocity field in
the r direction shows an inward velocity in the entire droplet because the levitated
droplet is to return to the spherical shape by its surface tension.

By comparing and associating the velocity fields in the r direction with those in
the z direction, the internal flow shown in Fig. 3.18(a) is found to be generated in
the impacting droplet on the heated wall. Figure 3.18(b) shows the velocity vector
plot on the binarized density field which corresponds to ¢ = 130 ps in Fig. 3.17 and

we can observe the occurrence of the internal flow from the velocity vector plot.

Figure 3.18: (a) Schematic of internal flow and occurring upward velocity. (b)
Velocity vector plot on binarized density field at ¢ = 130 ps in Fig. 3.17(a).

In conclusion, the internal flow generates the upward velocity at the edge of
the droplet, and the impacting droplet can levitate from its edge part which had a
higher upward velocity than other parts. The occurrence of the sufficient internal
flow to levitate the droplet depends on the wall temperature; thus, we next elucidate

factors that cause the wall temperature to occur the internal flow.

3.3.4 Temperature field inside droplet

The main influence of the wall temperature on the impacting droplet is the increase
in the droplet temperature in the vicinity of the heated wall. To investigate the
temperature increase inside the impacting droplet, we calculated the droplet tem-
perature in the control volumes using the equation given by Eq. (2.16).

Figure 3.19 shows the temperature fields obtained from calculated temperature in

the control volumes in the cases of T}, = 213, 255, and 340 K. Each temperature field
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is arranged to the right side of the corresponding density field in the figure. Since the
temperature of the liquid phase is limited to the critical temperature at T, = 154.5 K,
the maximum temperature in the temperature fields is set at 7" = 180 K with a
margin. Furthermore, the minimum temperature is set at T" = 80 K because the

initial temperature of the droplet is Ty = 85 K in this study.

Figure 3.19: Binarized density fields (left side) and corresponding temperature fields
(right side) at Ty, = (a) 213, (b) 255, and (c) 340 K.

As the droplet will not be directly affected by the heat reception from the heated
wall after it levitates, Fig. 3.19(b) and 3.19(c) show the temperature fields until the
droplet detached from the wall. As shown in Fig. 3.19, the droplet temperatures
increase especially in the vicinity of the heated wall in all cases of Ty, and the high-
temperature regions around there become thicker as the wall temperature becomes
higher. The figure also confirms that these high-temperature regions evaporate and
disappear just before the droplet levitation.

The droplet evaporates and separates from Layers 2—4, as already shown in
Fig. 3.13. This suggests that the temperature increase in Layers 2-4 due to the heat
reception from the heated wall affects the evaporation and detach processes of the
droplet on the heated wall. Thus, we next investigated time evolution of the average
temperature of the droplet in this region.

Figure 3.20 shows time evolutions of the average temperatures of the droplet

in Layers 2—4 for each wall temperature. The average temperature at each time is
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calculated by averaging the temperature of the liquid phase whose density exceeds
the critical density p. = 430 kg/m? in Layers 24 of the control volumes. The dashed
line in the figure represents the critical temperature of argon at T, = 154.5 K. The
figure indicates that the average temperatures reach the critical temperature in the
cases of T, = 255 and 340 K. It has been reported that heterogeneous nucleations
seldom occur on hydrophilic and smooth solid surfaces in MD simulations [76, 79].
From the above, we consider that the liquid phase exceeds its boiling point and
locally reaches the critical temperature in the vicinity of the heated wall in the

present MD simulations.

Figure 3.20: Time evolutions of average temperature of bottom of droplet in Layers

2—4 for each wall temperature. Dashed line represents critical temperature of argon
at T, = 154.5 K.

Figure 3.20 also indicates that the times when the droplet temperatures in Layers
2—4 reach the critical temperature are at around ¢t = 200 and 120 ps for Ti, = 255 and
340 K, respectively. After these times, the droplet in the vicinity of the heated wall
gradually evaporates and starts to change into vapor phase, as shown in Figs. 3.19(b)
and 3.19(c). From this result, the temperature increase of the droplet in the vicinity
of the heated wall is considered to affect the evaporation process, which is the initial

stage of the levitation of the impacting droplet.
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3.3.5 Droplet evaporation on heated wall

Evaporation amount from impact droplet

To elucidate details of the evaporation processes accompanying the temperature
increase of the droplet in the vicinity of the heated wall, we calculated evaporation
amounts from the droplet. In the present MD simulations, an evaporation molecule
from Layer ¢ was defined as a molecule that was in the liquid phase (p > 430 kg/m3)
of Layer i at one time and moved to the vapor phase (p < 430 kg/m3) at the following
time (after 2 ps). Furthermore, a condensation molecule into Layer i was defined as
a molecule that was in the vapor phase at one time and moved to the liquid phase
of Layer i at the following time.

As the difference between the numbers of evaporation molecules and condensa-
tion molecules represents the number of net evaporation molecules, the evaporation
amount from the impact droplet can be estimated from the number of net evapora-
tion molecules. Note that, when a droplet impacts on an unheated solid wall, some
liquid molecules are released from the droplet due to the effect of the impacting.
Thus, evaporation molecules as defined above include molecules that are released by
impacting.

Figure 3.21 shows time evolutions of the total number of net evaporation molecules
from each layers of the impacting droplet for o = 0.14 at Ty, = 85 and 255 K. The
initial velocity of the droplet was V5 = —100 m/s. Because the adsorption layer was
formed in Layer 1 of the control volumes and the droplet was separated from Layers
2-4 as shown in Fig. 3.13, we calculated the sum of the number of net evaporation
molecules for every three layers except Layer 1. In the case of T, = 85 K shown
in Fig. 3.21(a), evaporation by heat reception did not occur and molecules were
released only by the effect of the impacting as mentioned above.

Figure 3.21 illustrates that there is a large difference in the evaporation amount
from Layers 2-4 between the cases of T, = 85 and 255 K; meanwhile, there are
less differences in the evaporation amount from Layers 5-7 and 8-10 between them.
This result suggests that the most evaporation occurs in the vicinity of the heated

wall, and heat reception has a little effect on the regions not close to the heated wall
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Figure 3.21: Time evolutions of total number of net evaporation molecules from
each layers at T, = (a) 85 and (b) 255 K.

in the present MD simulations.

It has been reported that the evaporation of liquids on a solid wall occur pri-
marily in the vicinity of the three-phase contact line (TPCL) [126]. Moreover, a
previous study has reported that the evaporation amount of a sessile droplet in-
creases significantly on a substrate where the total length of TPCL is increased by a
presence of nanorods on the solid surface [127]. These indicate that the TPCL has a
significant affect on the evaporation phenomenon of droplets on the solid wall. Even
in a nano-scale MD simulation, Zhang et al. have reported that the evaporation of a
droplet occurs preferentially in the TPCL region on a hydrophilic heated wall [71].

As mentioned in Section 3.3.1, the presence of the non-evaporating region in the
vicinity of the contact line has been reported in [124,125], and this region corresponds
to the adsorption layer formed in Layer 1 of the control volumes in this study. From
the above and the result shown in Fig. 3.21, the TPCL region in the present MD
system can be assumed around the contact line in Layers 2—4 in the case of o = 0.14.
Thus, we next conducted investigations into the droplet evaporation on the heated

wall focusing on the evaporation amount from Layers 2—4.

Evaporation occurring around TPCL region

Figure 3.22 shows time evolutions of the total number of net evaporation molecules

from Layers 2—4 in each case of the wall temperature T,,. The circles represent
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3.3 Results and discussion

the times when the Leidenfrost effect occurred. The levitation of the droplet from
Layers 2—4 causes that the evaporation from this region does not occur after and
right before the occurrence of the Leidenfrost effect. Hence, the total number of net
evaporation molecules does not increase and the slopes of the graphs in Fig. 3.22
show almost flat for T}, = 255 and 340 K before the time when the Leidenfrost effect

occurred.

Figure 3.22: Time evolutions of total number of net evaporation molecules from
Layers 2—4 for each wall temperature. Circles represent the time when Leidenfrost
effect occurred, and solid arrows indicate the time when sharp increases in total
number of net evaporation molecules occurred. Dashed lines represent approximate
curves up to these points which solid arrows indicates.

The figure also confirms that the total number of net evaporation molecules
increases largely at the points which are indicated by the solid arrows in the cases
of T, = 255 and 340 K. The increases in the slopes of the graphs indicate that
the evaporation amount at that moment increases temporarily. As shown in the
figure, the large increases in the evaporation amount occur at approximately ¢ = 200
and 120 ps in the cases of T, = 255 and 340 K, respectively. These times are
approximately equal to the times when the average temperatures of the droplet in
Layers 2-4 reach the critical temperature shown in Fig. 3.20.

The liquid-phase region of the droplet in the vicinity of the heated wall has
to change into the vapor phase when the temperature in that region reaches the
critical temperature. Thus, the large increase in the evaporation amount shown in

Fig. 3.22 is considered to be caused by an instantaneous phase change due to the
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liquid temperature reaching the critical temperature.

As a phenomenon related to the droplet evaporation on the solid wall, it has
been reported that a radial flow at the bottom of the droplet is induced when the
evaporation occurs in the vicinity of the TPCL [128,129]. In the next subsection,
we describe the relationship between the evaporation from the TPCL region and the

induced flow at the bottom of the droplet in the present MD simulations.

3.3.6 Induced flow inside droplet

Figure 3.23 shows the density fields and assumed positions of TPCL regions of the
impact droplet at Ty, = 255 K. The density field at each time is shown by the
binarized one on the left side and the continuous one on the right side. The open
squares on the binarized density fields in the left column in the figure represent the
assumed positions of the TPCL regions. It has been reported that the TPCL is
pinned in 90%-95% of the evaporation process of the droplet and receded only in
the final stage of the evaporation [130]. In addition, the radial flow at the bottom
of the droplet is mainly induced while the contact line is pinned.

The figure illustrates that the position of the TPCL region of the droplet moves
slightly during evaporation; however, it does not recede significantly until the time
when the liquid phase detached from the heated wall. Hence, although the TPCL
region is not pinned perfectly, the evaporation from the TPCL region is assumed
to induce a radial flow while the droplet is on the heated wall in the present MD
simulations.

The white rectangle at t = 250 ps in Fig. 3.23 represents the region in the vicinity
of the heated wall after most of the liquid-phase region of the droplet detached from
the wall. The binarized density field indicates that the droplet is mostly separated
from the heated wall; meanwhile, the continuous density field indicates that a vapor—
liquid transition boundary surrounds the bulk liquid region and there is the vapor
film beneath the liquid droplet. Thus, the density fields at t = 250 ps confirm that
although the liquid phase is not in contact with the heated wall directly, the behavior
of the liquid phase continues to be affected by the heated wall via the vapor flow

occurring between the liquid phase and the heated wall.
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Figure 3.23: Binarized density fields (left side) and continuous density fields (right
side) of impacting droplet at T, = 255 K. Open squares on binarized density fields
represent assumed positions of TPCL. White rectangle at ¢ = 250 ps represents
region in the vicinity of heated wall after most of liquid-phase region detaches from
wall.

Layers 2—4 where evaporation and separation of the droplet occur does not main-
tain the liquid phase during evaporation and levitation processes. Hence, to investi-
gate the radial velocity induced by the evaporation from the bottom of the droplet,
the average radial velocities of the droplet in Layers 5-7 were calculated.

Figure 3.24 shows the time evolutions of the average radial velocities in Layers
5-7 for each wall temperature. The dashed lines represent the times when the
Leidenfrost effect occurred in the cases of Ty, = 255 and 340 K. The radial velocity
is calculated also for the case of T, = 85 K which is not affected by heat reception.
Thus, the difference from the average radial velocity at Ty, = 85 K indicates the
induced velocity due to heat reception and accompanying evaporation.

At the early stage of impacting at t < 50 ps, the average radial velocities largely
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3.3 Results and discussion

Figure 3.24: Time evolutions of average radial velocities in Layers 5-7 for each
case of wall temperature. Dashed line represents the time when Leidenfrost effect
occurred.

increase in all cases of the wall temperatures. This increases were caused by the
droplet spreading due to the effect of impacting on the solid wall. Subsequently,
the decreases in the average radial velocities owing to viscous dissipation [87] are
observed for all cases.

In the case of T, = 213 K, the effect of heat reception on the radial outward
velocity is observed only in the spreading process. Although the average radial
velocity oscillates negative and positive after the spreading process (¢ > 200 ps), the
radial velocity does not increase and eventually becomes approximately the same as
that in T, = 85 K.

In contrary, in the cases of T,, = 255 and 340 K, the average radial velocities
significantly increase before the Leidenfrost effect occurred. The increase in the
radial velocities are occurred approximately at ¢ = 200 and 120 ps for T, = 255 and
340 K, respectively. These times correspond well to the times when the temperatures
at the bottom of the droplet reach the critical temperature and when the evaporation
amount increase significantly shown in Figs. 3.20 and 3.22.

In particular, for T}, = 255 K, the upward velocity occurring at the edge of the
droplet shows a large increase at approximately ¢ = 200 ps as shown in Fig. 3.16(c).
This indicates that the increases in the radial velocity at the bottom of the droplet

and in the upward velocity at the edge of the droplet are occurred almost simulta-
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neously. Thus, the internal flow and the accompanying upward velocity at the edge
of the droplet shown in Fig. 3.18(a) are considered to be occurred due to the radial
outward velocity at the bottom of the droplet induced by the intensive evaporation
from TPCL region on the heated wall.

From the above, the phenomena that occurred in the impacting and levitating

droplet on the heated wall can be summarized as follows:

o Firstly, the high wall temperature results in a significant increase in the droplet

temperature in the vicinity of the heated wall as shown in Fig. 3.20.

e Secondary, an intensive evaporation from the bottom of the droplet occurs
when the droplet temperature reaches the critical temperature of Ar molecules

as shown in Fig. 3.22.

o Thirdly, this intensive evaporation from the TPCL region induces a high radial
outward flow at the bottom of the droplet as shown in Fig.3.24, and this
induced radial flow causes the internal flow and a high upward velocity at the

edge of the droplet as shown in Figs. 3.16 and 3.18.

o Finally, the impacting droplet levitates from its edge part owing to the resulted
high upward velocity.

We conclude that the series of these phenomena is the mechanism of the Leidenfrost
effect in the present MD simulations.

When the solid wall is unheated and has a super-hydrophobic surface, the droplet
rebound—a phenomenon in which the droplet detaches from the solid wall after im-
pacting on it—can occur. Because this phenomenon is irrelevant from heat transfer
between the solid wall and the impacting droplet, an intensive evaporation and an
internal flow inside the droplet do not occur during the rebound processed. Thus, we
also conclude that the rebound and the Leidenfrost effect are phenomena caused by
completely different mechanisms. The rebound mechanism is described in Appendix
A as a supplement.

With the fixed value of a = 0.14, the mechanism of the Leidenfrost effect is

demonstrated up to this subsection. In the next subsection, the influence of the
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liquid—solid intermolecular force—the value of a—on the levitation mechanism is

demonstrated with a fixed wall temperature of T, = 213 K.

3.3.7 Influence of liquid—solid intermolecular force

The value of « is varied for « = 0.07, 0.14, and 1.0 in this study to change the
strength of the liquid—solid intermolecular force. As shown in Fig. 3.12 in Section
3.3.1, the occurrence of the Leidenfrost effect is observed only for « = 1.0 when
Ty = 213 K. This indicates that the Leidenfrost effect will likely occur when the
liquid—solid intermolecular force is strong. Furthermore, Fig. 3.12 also indicates that
the adsorption layer is formed on the heated wall when o« = 0.14 and 1.0, and the
strong liquid—solid intermolecular force causes a thicker one.

The initial stage of the levitation mechanism is shown to be the temperature
increase at the bottom of the droplet; thus, we first calculated the droplet tem-
perature in the vicinity of the heated wall without the adsorption layer. Figure
3.25(a) shows the time evolutions of the average temperature at the bottom of the
droplet at T, = 213 K for each case of a. The dashed line represents the critical
temperature of argon at T, = 154.5 K. As described in Section 3.3.4, the droplet
temperature is calculated in Layers 2-4 for a = 0.14 because the adsorption layer
is formed in Layer 1. In the case of a = 0.07, the adsorption layer is not formed
on the heated wall, and in the case of & = 1.0, it is formed in Layers 1-2 due to
the strong intermolecular force. From the above, the average temperatures of the
bottom of the droplet in Fig. 3.25(a) are calculated in Layers 1-3, Layers 2-4, and
Layers 3-5 for a = 0.07, 0.14, and 1.0, respectively.

Figure 3.25(a) illustrates that the average temperature becomes higher as the
value of « increases, and the average temperature reaches the critical temperature
only for a« = 1.0 at approximately ¢ = 200 ps. This result indicates that when
the wall temperature is fixed, the stronger intermolecular force results in a larger
increase in the droplet temperature.

Reaching the critical temperature in the droplet temperature in the vicinity of
the heated wall induces the intensive evaporation and radial outward velocity at

bottom of the droplet at almost the same time as shown in Figs. 3.22 and 3.24.
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Figure 3.25: Time evolutions of (a) average temperature at bottom of droplet, (b)
total number of net evaporation molecules from TPCL region, and (c) average ra-
dial velocity occurring at bottom of droplet. Dashed line in (a) represents critical
temperature of argon at 7. = 154.5 K. Open circle in (b) and dashed line in (c)
represent the time when Leidenfrost effect occurred.

From the result shown in Fig. 3.25(a), the same tendencies are assumed to appear
only for o = 1.0. Thus, we next show the evaporation amount from the bottom of
the droplet.

Figure 3.25(b) shows the time evolutions of the number of the net evaporation
molecules from a TPCL region. The open circle represents the time when the Lei-
denfrost effect occurs. Based on the calculation domains of the average temperature,
the numbers of the net evaporation molecules are calculated from Layers 1-3, Lay-
ers 2-4, and Layers 3-5 for a = 0.07, 0.14, and 1.0, respectively. These layers are
considered to be the TPCL regions for each a in the present MD simulations.

The evaporation amount for & = 1.0 shows a rapid increase temporarily at the
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point which is indicated by the solid arrow in the figure. The figure confirms that
the time when this increase occurs well corresponds to the time when the droplet
temperature reaches the critical temperature (shown in Fig. 3.25(a)). Because the
evaporation from TPCL regions causes the radial outward flow as described in the
previous subsection, we calculated the radial velocity at the bottom of the droplet
on the heated wall.

Figure 3.25(c) shows the time evolutions of the average radial velocities at the
bottom of the droplet for each a. The dashed line represents the time when the
Leidenfrost effect occurs. Since the radial outward flow is induced by the evaporation
from TPCL region in the vicinity of the heated wall, the average radial flows are
calculated in three layers above the evaporation regions: Layers 4-6, Layers 5-7,
and Layers 6-8 for a = 0.07, 0.14, and 1.0, respectively.

The figure indicates that the average radial velocity for o = 1.0 basically keeps
the positive value and shows the steady increase before the occurrence of the Leiden-
frost effect. This increase in the radial velocity occurs approximately at ¢t = 200 ps,
and this time corresponds well to the times when the average temperature at the
bottom of the droplet reaches the critical temperature and when the evaporation
amount shows the rapid increase.

The increase in the droplet temperature in the vicinity of the heated wall is
shown to become larger as the liquid—solid intermolecular force becomes stronger,
as in the case of a higher wall temperature. Furthermore, the intensive evaporation
and induced radial velocity at the bottom of the droplet are observed when the
droplet temperature reaches the critical temperature, even under the condition with
the strong intermolecular force. As shown in Figs. 3.16-3.18, the upward velocity is
occurred at the edge part of the droplet due to the internal flow accompanying with
the radial outward velocity at the bottom of the droplet; thus, we finally calculated
the z directional velocity inside the droplet for each case of a.

Figure 3.26 shows the time evolutions of the average z directional velocities of
the edge, whole, and center of the droplet for each case of o at Ty, = 213 K. The
open circle in Fig. 3.26(c) represents the time when the Leidenfrost effect occurred in

the case of @ = 1.0. The calculation domains for each velocity are applied to almost
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the same concept as that shown in Fig. 3.16(a). The average velocities at the center
and the edge of the droplet are calculated in six shells from Shell 2 and from the
outermost shell of the control volumes, respectively. Note that, in the calculation
domains shown in Fig. 3.16(a), Layer 1 is excluded because the adsorption layer is
formed in Layer 1 when o = 0.14. As mentioned earlier, the adsorption layer is not
formed when a = 0.07, whereas it is formed in Layers 1-2 when o = 1.0. Thus, for
the calculations of the average z directional velocities inside the droplet, we excluded
Layer 1 and Layers 1-2 from the calculation domains in the cases of a = 0.14 and

1.0, respectively, and did not exclude any layers in the case of a = 0.07.

Figure 3.26: Time evolutions of z directional average velocities at edge, whole, and
center of droplet for « = (a) 0.07, (b) 0.14, and (c¢) 1.0 at Ty, = 213 K. Initial
velocity of droplet is Vo = —100 m/s (We = 13.6). Open square in (c) represents
the time when Leidenfrost effect occurred.

In the cases of & = 0.07 and 0.14 in which the Leidenfrost effect did not occur,

little difference between the average velocities of the edge, whole, and center of
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the droplet is observed after ¢ = 120 ps, as shown in Figs. 3.26(a) and 3.26(b).
In contrast, in the case of &« = 1.0 in which the Leidenfrost effect occurred, the
average velocity at the edge of the droplet largely increases and exceeds the other
two velocities, as shown in Fig. 3.26(c). This result indicates that the higher upward
velocity occurred at the edge part of the droplet only when o = 1.0, and this caused
the entire droplet to levitate.

Figure 3.26(c) also illustrates that the average velocity at the edge of the droplet
for = 1.0 shows the significant increase at approximately ¢ = 200 ps. This time
corresponds well to the time when the radial outward velocity at the bottom of the
droplet increases shown in Fig. 3.25(c). Therefore, the high upward velocity at the
edge of the droplet that occurs when the liquid—solid intermolecular force is strong
is considered to be due to the internal flow caused by the radial flow at the bottom
of the droplet.

The above results indicate that the main mechanism of the droplet levitation
which occurs with the larger value of « is the same as that of the droplet levitation
which occurs when the value of « is fixed and the wall temperature is sufficiently
high. We conclude that the liquid—solid intermolecular force primarily affects the
temperature increase at the bottom of the droplet, which is in the initial stage of

the levitation mechanism of the impacting droplet on the heated wall.

3.4 Conclusion

In this study, we conducted MD simulations to elucidate the mechanism of the
Leidenfrost effect, i.e., the levitation mechanism of the impact droplet on the heated
wall, and to clarify the influence of the liquid-solid intermolecular force on this
mechanism. Before elucidating the levitation mechanism, we first investigated the
conditions under which the Leidenfrost effect occurs in our MD simulations, and
discussed the tendencies of the occurrence of this phenomenon which are reported
in previous experimental studies were properly reproduced.

As a result, we observed the tendencies that the droplet levitation was less likely

to occur with the high impact velocity (the high Weber number), and that the
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droplet levitation was likely to occur on the strong hydrophilic surface of the heated
wall caused by the strong intermolecular force. These tendencies of the occurrence
of the Leidenfrost effect were well consistent with those reported in previous studies.

Subsequently, we found that a higher wall temperature or stronger liquid—solid
intermolecular force results in a larger increase in the droplet temperature in the
vicinity of the heated wall. When the droplet temperature there reaches the crit-
ical temperature of liquid molecules, an intensive evaporation occurs and a high
radial flow is induced at the bottom of the droplet. Afterwards, the induced radial
flow produces the high upward velocity at the edge of the droplet. Consequently,
the impacting droplet levitates from its edge part. This is the mechanism of the
Leidenfrost effect, and the liquid—solid intermolecular force affects the temperature
increase at the bottom of the droplet, which occurs in the initial stage of the levi-

tation processes.

Supporting information

Appendix A: Rebound mechanism of impact nanodroplet on superhydrophobic

surface.
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Chapter 4:

Evaluation of construction method of
kinetic boundary conditions in binary
mixture and equilibrium system

Preface

In the previous chapter, we elucidated the mechanism of the occurrence of the Lei-
denfrost effect using MD simulations. However, due to its computational load, MD
simulations enables only to investigate the nano- to submicro-scale liquid droplet.
To perform numerical calculations on the Leidenfrost effect of larger liquid droplets,
fluid dynamic analyses with imposing a boundary condition that represents liquid
evaporation can be useful.

As mentioned in Chapter 1, boundary conditions for fluid dynamics represent-
ing liquid evaporation can be derived from the molecular gas dynamics (MGD) with
imposing the kinetic boundary conditions (KBCs). Hence, when aiming to investi-
gate physical phenomena with involving liquid evaporation, such as the Leidenfrost
effect, using fluid dynamics analyses, it is necessary to start by constructing KBCs
that accurately represent evaporation of vapor molecules.

Evaporation and condensation are molecular-scale phenomena caused by the dis-
proportionate number of molecules passing through the gas-liquid interface. There-
fore, molecular-scale simulations must be used to construct KBCs appropriately
representing the evaporation and condensation of molecules. In Chapters 4, 5, and
6, the results of MD simulations to investigate KBCs for non-equilibrium evapora-
tion in binary mixture systems are described.

In this chapter, we discuss the validity of a classification method of molecules
utilized for constructing KBCs in molecular-scale simulations. Specifically, molecules
moving in the vicinity of the interface are classified into evaporation, condensation,
and reflection molecules by a method proposed in previous studies. Thus, using
MD simulations in binary mixture and equilibrium system, we investigated whether

molecules were properly classified in that method.
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4.1 Introduction

KBCs for MGD analyses represent the evaporation and condensation of molecules
at the gas-liquid interface. Based on MGD analyses with imposing KBCs, gas or
vapor flows in the non-equilibrium region in the vicinity of the interface can be
investigated with considering the evaporation and condensation of molecules. For
instance, bubble collapse [34,35], droplet evaporation [45], and nanoporous evapo-
ration [131] have been investigated via MGD. KBCs have a significant impact not
only on the derivation of the boundary condition for fluid dynamics analyses, but
also on the MGD analyses for phase change phenomena.

When constructing KBCs, we need to obtain the molecular velocity distributions
and mass fluxes as represented in Section 2.2.2. Because these values can be obtained
from motions of individual molecules, we must conduct molecular-scale simulations
that can analyze molecular motions in detail. In particular, the evaporation co-
efficient and the condensation coefficient contained in the KBCs are indispensable
parameters for accurately representing the phase change in MGD.

For the evaporation coefficient and the condensation coefficient, several models
have been proposed [29,132-135], and studies on the models defined by the ratio of
mass fluxes of molecules moving in the vicinity of the gas—liquid interface, which are
given by Egs. (2.28) and (2.31) in Section 2.2.2, have been widely conducted [28,33,
48,49, 134,136-138]. To review the definitions of the evaporation and condensation
coefficients of vapor molecules, they are expressed using the mass fluxes of molecules

in the following equation:

JY JV
1% evap 1% cond
Qe =~y Qe = —or, (2.28)
¢ S e Joon
with
Jout = Jgrap + Joogs oo = Joeg + Joona- (2.29)

The definitions of o) and o) make it necessary to classify molecules in the
vicinity of the gas—liquid interface into evaporation, reflection, and condensation
molecules because the mass flux of each molecule must be obtained, as represented in

the above equations. Currently, several studies using the MD simulation [33,40,134,
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136,137,139-144] or the Enskog—Vlasov direct simulation Monte Carlo (EV-DSMC)
method [36, 48, 49, 145-148] have been conducted to investigate evaporation and
condensation from the standpoint of molecular motions. However, the classification
criterion for molecules is not uniquely defined, because there is no clear definition
of evaporation, reflection, and condensation of molecules in physical terms. Thus,
there have been various discussions on the method of classifying molecules, and
several approaches to the construction of KBCs have been proposed in previous
studies [33,36,40,48,49, 134,136, 139, 146, 149].

For defining molecular motions and classifying molecules, a method that involves
setting two imaginary boundaries, which was proposed by Meland et al. [139] and
Gu et al. [149], has been used in some previous studies [33,36,139,149]. In particular,
Kobayashi et al. [40] improved this method for calculating evaporation and conden-
sation coefficients and constructing the KBCs in binary mixture systems composed
of vapor molecules and non-condensable (NC) gas molecules.

Figure 4.1 shows the concept of the classification method of vapor molecules
that involves setting two boundaries—the liquid boundary and the gas boundary.
Under this classification method, vapor molecules are classified into evaporation,
condensation, and reflection molecules based on the following definitions. Firstly,
a molecules that passes through the two boundaries from the liquid phase to the
gas phase is defined as an evaporation molecule. Secondly, a molecule that passes
through the 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 again without passing through the
liquid boundary is defined as a reflection molecule. Note that, NC gas molecules
can be classified into degas, dissolution, and reflection molecules using the similar
definitions as vapor molecules.

Using this method, the molecules are classified in accordance with the balance
between their reaching trajectories and the set position of the boundaries. Because
the position of the gas boundary is related to the position where the KBC is applied,
the definition of the position of the gas boundary has already been established from
its relationship with the framework of MGD [28,40,48]. In other wards, basically it
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Figure 4.1: Schematic of classification method of molecules that involves setting
liquid and gas boundaries.

is necessary to set the gas boundary at the position of the KBCs when construct-
ing those using molecular-scale simulations. In contrast, the position of the liquid
boundary was determined in a previous study [40] such that the value of the mass
flux of the evaporation molecules coincides with that in the virtual-vacuum condi-
tion proposed by Ishiyama et al. [134,136]. Unlike the gas boundary, the validity of
the position of the liquid boundary has hardly been verified sufficiently, and thus,
this position has not been determined uniquely.

In the classification method that involves setting the two boundaries, the molecules
are classified only by their reaching position. Especially for reflection molecules, the
time that molecules stayed in the vicinity of the gas—liquid interface is not included
in the classification criteria [40]. Vapor molecules that return to the gas phase with-
out passing through the liquid boundary are classified as the reflection molecules in
this method, even if they stayed in the vicinity of the liquid surface for a long time.
Thus, there is a possibility that a molecule, which interacted for sufficient time with
liquid molecules and should be classified as a condensed molecule, is classified as a
reflection molecule instead.

Reflection molecules must be the molecules that return to the gas phase with a
short stay on the liquid-phase side and have little interaction with liquid molecules.

Unless KBCs are constructed with classifying molecules appropriately, accurate
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MGD analyses of phase change phenomena or the derivation of boundary condi-
tions for fluid dynamics cannot be conducted.

From the above, in this study, we discuss the validity of the position of the
liquid boundary applied in the previous studies [33, 36,40] by introducing a new
concept, the staying time of vapor molecules, which represents the time they stay
in the vicinity of the gas-liquid interface. We obtained molecular properties such as
the reaching position and the staying time in MD simulations without setting the
liquid boundary. To understand characteristics and tendencies of motions of vapor
molecules in the vicinity of the interface, we investigated the relationship between
the reaching position and the staying time of them. Based on the distribution of
the staying time of molecules that reached in the vicinity of the position where the
liquid boundary was set in the previous studies, we evaluated whether that position
was reasonable for the classification of molecules.

In this study, MD simulations were performed under the equilibrium state, in
which a certain number of molecules steadily move in the vicinity of the gas—liquid
interface. Furthermore, to verify whether the liquid boundary can be set at the
same position in binary mixture systems as in a vapor single-component system,
simulations not only in the single-component system but also in binary mixture
systems were conducted.

The motions of molecules heading to the gas-liquid interface from the gas phase
were investigated in the present MD simulations. Therefore, we also conducted
analyses of the reflection or condensation process of those molecules. In particular,
we investigated the velocity distributions of molecules that reached the inside of
the liquid phase or were reflected in the vicinity of the gas boundary. From those
velocity distributions, we elucidated the dependence of the condensation coefficient
a) of vapor molecules on their colliding velocity with the liquid phase from the gas

phase.
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4.2 Method

4.2.1 System conditions and calculation models

The calculation system was composed of Ar molecules as vapor molecules (12,000
molecules) and Ne molecules as NC gas molecules. The dimensions of the calculation
system were L, = 8.0 nm, L, = 8.0 nm, and L, = 175.0 nm. To investigate the
influence of NC gas molecules on the motions of vapor molecules, we varied the
number of Ne molecules in the system. The number of Ne molecules, Ny., was set
to Nne = 0, 4,000, and 12,000 in this chapter. Figure 4.2 shows the calculation
systems in the cases of Nxe = 0 and 4,000 (the calculation system for Ny, = 12,000
is shown in Fig. 5.2 in Chapter 5). Blue spheres and green spheres in the figure are
Ar molecules for the vapor molecules and Ne molecules for the NC gas molecules,
respectively. The liquid film was formed in the center of the system, and gas phases
were present on both sides of the liquid film. The system temperature was set at
T = 85 K, and the periodic boundary conditions were imposed in the all directions

of the system.

Figure 4.2: Calculation systems for Ny, = (a) 0 and (b) 4,000. Blue spheres are Ar
(vapor) molecules and green spheres in (b) are Ne (NC gas) molecules.

For Ar—Ar intermolecular potential, we used the 12-6 Lennard-Jones potential
function given by Eq. (2.1) with the potential parameters of argon described in
Chapter 3. For Ne-Ne intermolecular potential, we applied the potential parameters
of ene = 4.837 x 10722 J and one = 0.2750 nm to the 12-6 Lennard-Jones potential

function.
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Furthermore, for Ar-Ne intermolecular force, we used the following potential

function and potential parameters:
OAr—N 2 OAr—N ‘
Gar—Ne(Tij) = 4€Ar—Ne [( — e) - ( - e) ] , (4.1)
Tij Tij

OAr T ONe
9 )

EAr—Ne = D\/EAr - ENe- (4.3)

The constants of a and b in the equations were set to a = 1.01903 and b = 0.89554,

where

OAr—Ne =

respectively, to satisfy Henry’s law which expresses the relationship between the
solubility of NC gas molecules in the liquid phase and the partial pressure of them
[150]. The same setting has been made in a previous study [33]. The cutoff radius
was set as r. = 1.5 nm, and equations of motion were solved by using the leap-frog
method with the time step At =5 fs.

The equilibrium state was used for the initial state of the present simulations.
The equilibrium systems in each case of Ny, was established by the equilibrium
simulations applying the velocity scaling method given by Eq. (2.17) with the desired
temperature Ty = 85 K to all molecules in the system. To confirm the system
was appropriately reached the equilibrium state, the macroscopic variables such as
density, velocity, and temperature fields were calculated throughout the system with
the control volumes AV = L, x L, x Az, where Az = 0.1 nm.

The macroscopic variables were obtained every 1 ps by calculating the average
values of 200 steps (time step At = 5 fs) in each control volume. The density and
temperature fields were calculated by the equations described in Section 2.1.2. For
calculating the velocity field, the following equation was utilized:

A = Z (UJ.AV)Q, (4.4)
j=wy,z
where v$" is a j directional average velocity given by Eq. (2.13) (described in Section
2.1.2).
Figure 4.3 shows the density, velocity, and temperature fields in the cases of

Nyxe = 0 and 4,000. Because the calculation system is symmetric with the center of
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L, (z =0), the macroscopic variables in the figure are shown as the average values
on the right part (z > 0) and the left part (z < 0). The figure confirms that the
velocity fields take zero and the temperature fields take 85 K uniformly throughout
the systems. Thus, we concluded that the systems had reached the equilibrium
state, and we established the equilibrium states in all cases of Ny, by performing

equilibrium calculations over 200 ns.

Figure 4.3: Density, velocity, and temperature fields of vapor (Ar) and NC gas (Ne)
molecules in the calculation system for Ny, = (a) 0 and (b) 4, 000.

The conditions for the simulations in the present MD study are summarized in
Tab. 4.1.

Table 4.1: Simulation conditions for this MD study.

Liquid and vapor molecules Argon (12,000 molecules)
NC gas molecules Neon
Number of Ne molecules Ny, 0, 4,000, and 12,000
Dimensions of system L, x L, x L, 8.0 X 8.0 x 175.0 nm
System temperature T’ 85 K

Boundary condition in all directions Periodic boundary condition

4.2.2 Variables that represent molecular motions

We set the gas boundary to obtain variables that represent molecular motions in

the vicinity of the gas-liquid interface. For specifying its position, the following
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normalized z coordinate has been used:

z2— L

5 (4.5)

z =

where ¢ is the 10-90 thickness of the density transition layer, and Z,, is the z
position of the center of the density transition layer of Ar molecules. The value of §
is known to depend on the system temperature, the presence of NC gas molecules,
or the lengths of the calculation system [33,36,134]. The values of § and Z,, can be
obtained by fitting the density field of Ar molecules with the following hyperbolic
tangential function [134, 151]:

vV, Vo V_ .V _z
p(z) = Po P 4+ 2 P <z m) : (4.6)

where pY and p}” are the densities of Ar molecules in the bulk gas phase and the bulk
liquid phase, respectively. By performing the least squares fitting between Eq. (4.6)
and density fields obtained by MD simulations, ¢ and Z,, in the present simulations
were calculated.

The position of the gas boundary corresponds to the position where KBCs are
applied in MGD analyses, as mentioned in the “Introduction” section in this chapter.
Thus, the gas boundary in this MD simulations was set at Z = 3.0, where the KBCs
are widely applied [28].

From the molecules that passed through the gas boundary from the gas phase
to the liquid phase and passed through the boundary again to return to the gas
phase, we sampled the variables that represent their motions, as shown in Fig. 4.4.
By using the position of the gas boundary as a reference, we obtained reflection
positions Z.s and staying times %y, of molecules. The reflection position Z. was
defined as the minimum value of Z that a molecule reached from the gas boundary,
and the staying time ts,, was defined as the time that the molecule stayed in the
region on the liquid-phase side of the gas boundary.

In addition to Z.f and tsay, the incident velocity &, and the outgoing velocity
Eout of molecules were defined as the molecular velocities normal to the gas boundary.
&n and &, were the z directional velocities when a molecule passed through the gas

boundary toward the liquid phase (&, < 0) and toward the gas phase (& > 0),
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Figure 4.4: Schematics of molecular variables with respect to gas boundary. Reflec-
tion position Zs was defined as the minimum z that the molecule reached; staying
time t4,, was defined as the time that the molecule stayed in the region on the
liquid-phase side of the gas boundary; &, and &, were molecular velocities in the
z direction when the molecule passed through the gas boundary toward the liquid
phase and toward the gas phase, respectively.

respectively. When a molecule passed through the gas boundary from the gas phase,
its &, was sampled. Afterwards, when the molecule passed the gas boundary again
to return to the gas phase, its Ziet, tstay, and oy Were sampled.

To obtain a sufficient number of samples of Ziet, tstay, &in, and Eoue, we performed
the MD simulations in the equilibrium state, in which molecules constantly and
steady move toward and away from the gas—liquid interface. The number of sampled
molecules was 100, 000 in all. We have confirmed that the tendency of the obtained
results does not change between the cases where the number of sampled molecules
is 10,000 and 100, 000; thus, we consider that 100, 000 is a sufficient number for the
investigation.

Owing to the method to obtain the molecular variables shown in Fig. 4.4, the
sampled molecules in the present MD simulations were classified into the follow-
ing two types: molecules with larger z.¢ that are considered to have reflected, and
molecules with smaller Z..¢ that are considered to have condensed and then evapo-
rated. Molecules whose Z,¢ is close to the gas-liquid interface but whose t.y is quite

short are less interacting with the liquid molecules; thus, such molecules should be
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classified as reflection molecules.

From the above, we discuss the position of the liquid boundary based on the
balance between the variables Zyf and tga.y, of molecules. In particular, because
the liquid boundary had been set at Z = —1.0 in previous studies [33, 36, 40|, we
investigated whether molecules whose .y is short and do not fully interact with the
liquid molecules can be properly classified as the reflection molecules by setting the
liquid boundary at Z = —1.0 in both the vapor single-component and the vapor—gas
binary mixture systems.

Subsequently, we investigated the relationships between &, &out, and Zyr of
molecules. In particular, it has been reported that the probability of condensation
of monatomic molecules depends on their translation energy in the direction normal
to the liquid surface [133]. In the present MD simulations, we used Ar, a monatomic
molecule, for the vapor molecules, and &, was defined as the translation velocity
normal to the gas boundary, i.e., also normal to the liquid surface. Thus, using &y,
and Z.t, the dependence of the condensability of vapor molecules on their incident

velocity &, is also discussed.

4.3 Results and discussion

In this section, we first show the tendency of reflection position Z,; and the staying
time tg,y, of vapor molecules in each case of Ny, in the equilibrium state. Sub-
sequently, we discuss the validity of the position of the liquid boundary applied
in the previous studies [33, 36, 40] based on the balance between Z.; and tgay of
molecules. Finally, we investigate velocity distributions of vapor molecules colliding
with the gas—liquid interface from the gas phase, and elucidate the dependence of

condensability on their colliding velocity.

4.3.1 Reflection position and staying time of vapor molecules

Before focusing on the region around the liquid boundary at z = —1.0, we first show
the relationship between Z.s and tg., of vapor molecules in the range Zs < 3.0.

Figure 4.5 shows the bivariate distribution plot of the Z..t and .y, of vapor molecules
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in each case of Nye. A data point in the figure denotes the Zef and tg,y of a molecule.
The figure illustrates that the molecules that did not reach the liquid phase—the
molecules whose Z,.; were in the range 0.0 < Z.f < 3.0—returned to the gas phase

with a fairly short staying time t4,, in all cases of Nye.

Figure 4.5: Bivariate distribution plot of Zr and tg.,y of vapor molecules for Ny, =
(a) 0, (b) 4,000, and (c) 12, 000.

In contrast, there is a large variation in the distribution of the 4., of molecules
whose Zr were in Zer < 0.0. This indicates that tg,, tends to be longer when
molecules pass through the gas—liquid interface and reach the bulk liquid phase.
Furthermore, the figure also confirms the tendency that ¢, of molecules with Z.s <
0.0 increases as Ny, increases.

Although we can observe the outline of variation in the data points from Fig. 4.5,
the distribution of the number of data points is unclear in this figure owing to
the overlaps of each data point. Thus, we constructed the bivariate histogram
to visualize the distribution of the number of data points. For constructing the
histogram, we set bins with dc x dc to count the number of data points in each bin.

To approximately unify the scales of dc in the Z,f and tgay coordinates, tyay, was

normalized as follows:

I ts a;
f= (4.7)
Uz

where 7, = 2.32 x 103 ps is the standard deviation of tstay in the case of Ny = 0.
We utilized the Zyer—tstay coordinate plane to construct the bivariate histograms, and
we set dc = 0.1 based on a balance between the resolution of the histogram and the

number of data points in the bins.
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Figure 4.6 shows the bivariate histogram in the Zeststay coordinate plane in
each case of Ny.. The numbers of data points in the bins are represented as the
gradation image in the figure. The inset of Fig. 4.6 shows the region inside the gas—
liquid interface (Z¢ < 0.0). The bivariate histograms in all cases of Ny, exhibit high
values in 0.0 < Zf < 3.0, which is the region between the gas—liquid interface and
the gas boundary. This indicates that a large number of molecules were reflected
in that region. In addition, the bivariate histograms in the range z..s < 0.0 exhibit
smaller values as Ny, increases, indicating that the increase in Ny, increases the
number of molecules with Z..s > 0.0. In all cases of Ny, the bivariate histograms
exhibit small values around Z,.s < —2.0, which is the region inside the bulk liquid

phase.

Figure 4.6: Bivariate histogram in Z.s—tsty coordinate plane for Ny, = (a) 0, (b)
4,000, and (c) 12, 000.

The insets of Fig. 4.6 illustrate that although to varying degrees, the values of
histograms gradually transition approximately in the range —2.0 < Z¢ < 0.0 in
all cases of Nyn.. This indicates that the tendency which is expressed by Zz.. and
lstay Of molecules is changed in that range. We consider that this result partially
supports the validity of setting the liquid boundary at z = —1.0, which is within
that range, for the classification of molecular motions. Thus, in the next subsection,
we practically examine how g, of molecules are classified when the liquid boundary

isset at z = —1.0.
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4.3.2 Staying time and position of liquid boundary

We compare the distributions of ts,y of molecules with Z.f < —1.0 and Z > —1.0
to investigate whether molecules with short #4.,, are classified as reflection molecules
when the liquid boundary is set at z = —1.0.

Figures 4.7(a)-4.7(c) show the bivariate distribution plots of the Z.r and tgay
within the ranges —2.0 < Zs < 0 and 0 ps < tgay < 1,000 ps for Nye = 0, 4,000,
and 12,000, respectively. The distributions of molecules with —2.0 < Z < —1.0
and —1.0 < Z,r < 0.0 are represented by the blue dots and orange dots in the

figures, respectively.

Figure 4.7: Bivariate distribution plot in —2.0 < Zr < 0.0 and 0 ps < fgay <
1,000 ps for Nyx. = (a) 0, (b) 4,000, and (c) 12,000. Distributions of molecules
with —2.0 < Zef < —1.0 and —1.0 < Z¢ < 0.0 are represented by blue dots and
orange dots, respectively. Distribution of ty.y with interval Atg,, = 20 ps in the
range —2.0 < Zor < 0.0 for Ny = (d) 0, (e) 4,000, and (f) 12, 000.

When a molecules travels back and forth between zZ = 3.0 (the position of the gas
boundary) and z = —1.0 (the hypothetical position of the liquid boundary here) at
the most probable value of &, in the z directional Maxwellian, it takes approximately

54.6 ps on average for all cases of Nye. This suggests that the molecules with Zg.y
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close to 54.6 ps should be classified as reflection molecules because they have not
interacted with the liquid molecule for sufficient time. Thus, we next investigate the
distribution of ts,, of molecules whose Z¢¢ are in the range —2.0 < Z¢ < 0.0.

The distributions of ¢, of the molecules corresponding to Figs. 4.7(a)-4.7(c)
are shown in Figs. 4.7(d)-4.7(f) for Nx. = 0, 4,000, and 12,000, respectively. The
cumulative bar graphs with the interval Aty,, = 20 ps denote the sum of the
normalized number of molecules in the two Z.¢ ranges: —2.0 < Z. < —1.0 and
—1.0 < Zyer < 0.0. The numbers of molecules are normalized by the total number
of molecules with —2.0 < Z,.; < 0 in each case of Ny.. The colors of the bar graphs
correspond to that two Z,s ranges shown in Figs. 4.7(a)-4.7(c). The figures indicate
that in all cases of Nye, the distributions of #s,, show the peaks in the short tg.y
range around fg,, < 100 ps

As mentioned above, the molecules with Z.,, close to 54.6 ps should be classified
as reflection molecules since the time that those molecules interacted with liquid
molecules was quite short. Figure 4.7 confirms that the molecules with ., < 60 ps
seldom reach Z.f < —1.0 in all cases of Nye. In addition, the peaks in the short tgy
which are formed around ¢4,y = 60 ps in the cumulative bar graphs in Figs. 4.7(d)-
4.7(f) are mainly composed of the molecules with —1.0 < Zf < 0.0, whereas a widely
distributed t,y in the range around tg,, > 100 ps is composed of the molecules
with —2.0 < Zof < —1.0. This indicates that most of molecules with a fairly short
staying time tg.,, are classifies as reflection molecules when the liquid boundary is set
at Z = —1.0. Therefore, we conclude that Z = —1.0, where the liquid boundary was
set in the previous studies [33,36,40], is the reasonable position for the classification
of molecules.

The above confirms the validity of the classification method of molecules involv-
ing two boundaries from the viewpoint of the staying time of molecules as well as
their reaching position. Thus, KBCs can properly be constructed in molecular-scale

simulations using that classification method.
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4.3.3 Incident velocity and molecular motions

Relationship between incident velocity and outgoing velocity of reflection
molecules

From this subsection, we define the vapor (Ar) molecules with —1.0 < Z,¢f < 3.0 as
reflection molecules, and the molecules with Z,.; < —1.0 as condensation-evaporation
molecules. Total numbers of reflection molecules are 42,359, 66, 140, and 85, 988 in
the cases of Ny. = 0, 4,000, and 12,000, respectively. Furthermore, total numbers of
condensation-evaporation molecules are 57,641, 33,860, and 14,012 in the cases of
Nye = 0, 4,000, and 12,000, respectively. Below we show the relationship between
the incident velocity &, and the outgoing velocity &, of reflection molecules.

In conducting the investigation of &, and &, we normalized them by v/2RVTy,,
which is the most probable speed of the Maxwellian at 71, = 85 K, to make (;, =
|| /V2RVTL, and Coue = Eout/ V2RV, respectively. For comparing (i, and (g in
the same coordinate system, the incident velocity &;,, which was in the negative z
direction as shown in Fig. 4.4, was set to be positive in the above normalization.

Figures 4.8(a)-4.8(c) show the bivariate distribution plots between the nor-
malized incident velocity (;,, and the normalized outgoing velocity (.. of reflec-
tion molecules in the cases of Ny, = 0, 4,000, and 12,000, respectively. The
corresponding bivariate histograms in the (,—(,¢ coordinate plane are shown in
Figs. 4.8(d)-4.8(f). The bivariate histograms are constructed and represented by
the same method that involves setting the bins dc x dc = 0.1 x 0.1 as in Fig. 4.6,
and the dashed lines in Figs. 4.8(d)—4.8(f) represent (i, = (out- The histograms in all
cases of Ny, exhibit high values around the dashed line in the ranges 0.0 < (;, < 1.0
and 0.0 < (ou¢ < 1.0. This indicates a large number of reflection molecules return to
the gas phase with (4 close to (,, and G, and (o of reflection molecules are less
likely to exceed Maxwellian in all cases of Nye.

Figure 4.9 shows the velocity distribution functions of reflection molecules for
the normalized incident velocity (i, and the normalized outgoing velocity (,u in
each case of Ny.. The abscissa represents (, or (,u of reflection molecules. The

velocity distributions in the figure are represented as functions of (j, ﬁn and Cout fout,
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Figure 4.8: Bivariate distribution plot between (;, and (., of reflection molecules
for Nxe = (a) 0, (b) 4,000, and (c) 12,000. Bivariate histogram in the (in—Cout
coordinate plane for Ny, = (d) 0, (e) 4,000, and (f) 12,000. Dashed lines in (d)—(f)
represent i, = Cout-

79



4.3 Results and discussion

Figure 4.9: Velocity distribution functions of reflection molecules for normalized
incident velocity ¢, and normalized outgoing velocity (. in the cases of Ny, = (a)
0, (b) 4,000, and (c) 12,000.

where fin and fout are the normalized velocity distribution functions of the inci-
dent and outgoing velocities, respectively. The solid line represents the normalized
Maxwellian at Ty, = 85 K. The figure illustrates that the two velocity distribution
functions show almost the same profile in each case of Ny, as indicated by the
results in Figs. 4.8(d)—4.8(f).

As shown in Figs. 4.9(a)-4.9(c), the velocity distribution functions exhibit a
deviation from the Maxwellian, and their most probable velocities approach that of
the Maxwellian as Ny, increases. It has been reported that the velocity distribution
functions of reflection molecules deviate from the Maxwellian in accordance with
the number of NC gas molecules in the system [33,36], and those become almost
the same profile as the Maxwellian under extremely high partial pressure of NC gas
molecules [36]. Ny, in this study indicates the number of NC gas molecules in the
system, and the increase in Ny, corresponds to the increase in the partial pressure of
NC gas molecules in the gas phase. Thus, we conclude that the same tendency as the
previous studies [33,36] for the velocity distribution functions of reflection molecules
is observed in the present MD simulations. It is not clear how Ny. affects and
determines the profile of the velocity distribution functions of reflection molecules,

and further investigation would be a future work.
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Incident velocities of reflection molecules and condensation-evaporation
molecules

Figure 4.10 shows the velocity distribution functions for normalized incident veloc-
ities of reflection molecules and condensation-evaporation molecules in each case of
Nxe. The velocity distributions are shown as the function ¢, fin, and those of reflec-
tion molecules in this figure are same as those in Fig. 4.9. In the case of Ny, = 0,
Fig. 4.10(a) illustrates that the ¢, fin of condensation-evaporation molecules shows
a profile similar to the Maxwellian. In addition, the most probable value of (, in-
creases and (i, fin deviates from the Maxwellian with the increase in Ny., as shown

in the figure.

Figure 4.10: Velocity distribution functions of reflection molecules and condensation-
evaporation molecules for normalized incident velocity (i, in the cases of Ny, = (a)
0, (b) 4,000, and (c) 12,000.

Figure 4.10 demonstrates that the tendency of the incident velocity of molecules
differs greatly depending on their z.¢. This indicates that the condensability of
molecules corresponds to their incident velocity. However, the dependence of the
condensation coefficient o) on the incident velocity of vapor molecules has not been
investigated well. Hence, in the next subsection, we investigate the relationship

between o) and molecular incident velocities.
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4.3.4 Dependence of condensation coefficient on incident ve-
locity of vapor molecules

From the definitions of the condensation coefficient o) given by Eq. (2.29) and the

molecular mass fluxes given by Eq. (2.28), o is derived as

JVe

v
a, =1— (4.8)

JCOH
Because JY, = JY* holds in the equilibrium state, JY, in the equilibrium state is

given by
JV = / / / £ dEpdE,dE,, for &, <0, (4.9)

where f* is the Maxwellian at a liquid temperature 71,. From this equation, the mass
flux of colliding molecules with a z directional velocity within the range A < &, < B

is given by

JUAB / / / & f* dg,dg,de,, for B < 0. (4.10)

(A-B)

In addition, we define the mass flux Jr‘gf of reflection vapor molecules with a z

JV(A B)

directional velocity within the range A < &, < B. was obtained from &y

of reflection vapor molecules, which was sampled in MD simulations. By assigning

JX)I(IA B) and Jrv (A=B) 16 Eq. (4.8), the condensation coefficient &) of molecules with

the colliding velocities in A < £, < B can be derived as

JV(A-B)

~V(A-B) _ 1 _ “ref
AR =1 - (4.11)

coll
ayA4=B) represents a probability of condensation of molecules colliding with the
gas—liquid interface with the incident velocities in the range of A < £, < B. As
well as the condensation coefficient ), ay (A=B) takes a value between zero to unity,
indicating that a molecule with a value close to unity is more likely to condense.
Molecules that collide with the interface with high incident velocity are expected to
condense easily, i.e., ay AP with large &, range (A < £, < B) is expected to be
close to unity.

With setting the velocity interval AE, = B — A = 20 m/s, we calculated &) of

each incident velocity range. Figure 4.11 shows &) for each range of the normalized
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incident velocity ¢, in each case of Ny.. The figure confirms that although &) in
1%

the range of (;, > 2.0 fluctuate owing to the small number of sample molecules, &,

can be regarded as a function of the molecular incident velocity: &) (). The figure
illustrates that @X(C}n) increases as (j, increases in all cases of Ny.. This indicates
that molecules colliding with the gas—liquid interface are more likely to condense

when their incident velocity is larger.

Figure 4.11: Condensation coefficient &Y ((,) for each range of normalized incident
velocity (i, of molecules in each case of Ny.. Solid line represents approximation
curve for each &Y ((in)-

In the case of Nx. = 0, &Y ((n) largely increases in the range ¢, < 1.0, and it
takes almost the constant values in the range (;,, > 1.0. This result indicates that the
ease of condensation hardly changes when (;, exceeds a certain level for Ny = 0. In
contrast, as Ny, increases, the increase in @X(Cin) becomes gradual. This tendency
is caused by the NC gas molecules preventing the condensation of vapor molecules
colliding from the gas phase, regardless of the magnitude of the incident velocity of
vapor molecules. Detailed influences of NC gas molecules on the evaporation and
condensation of vapor molecules are discussed in Chapter 5.

Solid lines in Fig. 4.11 represent the approximation curves for &Y ((,) in each
case of Ny.. Using parameters C; and C5, the approximate curve is given by

Cy

A (CGn) = ——=——— + 1, 4.12
e (4.12)
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Under the conditions of the present MD simulations, the values of C; and C5 are
C; = 0.116 and Cy = 0.832, (', = 0.210 and Cy = 1.157, and C; = 0.578 and
Cy = 1.060 for Ny, = 0, 4,000, and 12,000, respectively (summarized in Tab. 4.2).
As the approximation curves show good agreements with &) (¢;,) in all cases of Ny,
we conclude that the condensation coefficient as the function of ¢, &Y ((n), can be

given by Eq. (4.12).

Table 4.2: C; and Cs for each case of Nye.

M Ne Cl CZ

0  0.116 0.832
4,000 0210 1.157
12,000 0.578 1.060

As discussed above, &Y ((n) denotes the condensation coefficient of the function
of the molecular incident velocity (;,. In contrast, o given by Eq. (4.8) denotes the
condensation coefficient of the entire range of the incident velocity in 0 < (;, < oco.
Thus, the relationship between &Y (i) and o) can be expressed by the following

equation:

a] = / G- findd (G2) dC, (4.13)
0

where fi, is the normalized velocity distribution function of the incident velocity
of molecules. In the equilibrium state, (, fin becomes (., f*, which represents the

normalized Maxwellian given by

By substituting Eqgs. (4.12) and (4.14) into Eq. (4.13) in each case of Ny, we get
al = 0.864, 0.746, and 0.550 for Ny, = 0, 4000, and 12000, respectively. When
setting the liquid boundary at z = —1.0 and calculating o) based on Eq. (2.28) in
the equilibrium state, we got oY = 0.893, 0.743, and 0.538 for Ny, = 0, 4000, and
12000, respectively. The calculation of these values was based on MD simulations
performed in [33], and the detailed method can be found in Chapter 5. These values
are well consistent with o obtained by Eq. (4.13). From the above, it is clarified
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that Eq. (4.12) approximates &) (¢,) with good accuracy, and o is appropriately
yielded by Eq. (4.13).

4.4 Conclusion

In this chapter, we discussed the position of the liquid boundary for the classification
of molecules in the vicinity of the gas-liquid interface to construct KBCs. Especially,
because the liquid boundary had been set at z = —1.0 in previous studies, we
investigated the validity of this position based on Z.s and tgay of molecules, which
characterize their motions around the interface. The MD simulations were performed
in the vapor single-component system and the vapor—gas binary mixture systems in
the equilibrium state.

By considering the distribution of the ., of molecules whose Zz.. were around
the interface, we confirmed that most of the molecules with short t,, were clas-
sified as the reflection molecules when the liquid boundary was set at z = —1.0.
This tendency was observed for both single-component and binary mixture systems.
Therefore, we conclude that the liquid boundary at z = —1.0 yields a reasonable
classification of molecules for the construction of KBCs.

We also investigated the dependence of the condensation coefficient o/ of vapor
molecules on their incident velocity at the liquid phase. We found that molecules
with a low incident velocity were reflected in the vicinity of the vapor boundary,
and molecule whose incident velocity was near the mean velocity of the Maxwellian
basically reached the liquid phase and condensed into it.

Because the above indicates the dependence of the condensation of molecules on
their incident velocity, we calculated the condensation coefficient &Y () which is
represented as a function of the incident velocity. As a result, the value of &.((n)
became small in the low-incident-velocity range, and it increased as the incident
velocity increased. From this result, we conclude that the probability of condensa-
tion of molecules greatly depends on the velocities of molecules colliding with the
gas—liquid interface from the gas phase, and vapor molecules with larger incident

velocity are easier to condense.
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Furthermore, the values of &Y ((;,) decreases over the entire range of (;, as the
number of NC gas molecules in the system increases. This is caused by the fact that
condensation of vapor molecules is prevented by NC gas molecules regardless of the

magnitude of the incident velocity (;, of vapor molecules.

86



Chapter 5

Kinetic boundary condition in binary
mixture system during steady net
evaporation

Preface

In this chapter, we describe the results of MD simulations to investigate KBCs
in the vapor-gas binary mixture system in the non-equilibrium state in which the
net evaporation of vapor molecules occurs. We investigate KBCs considering not
only the influence of the presence of NC gas molecules, but also the effect of a
strength of non-equilibrium. Detailed mechanisms of the effects of NC gas molecules
and non-equilibrium of the system on the evaporation of vapor molecules were also

investigated.

5.1 Introduction

As is familiar within this thesis, the definitions of o) and o, given by the ratio of

the molecular mass fluxes, are as follows:

Joa JY.
o) = Jvf, al = JTd (2.28)

out

where JY* denotes the mass flux of vapor molecules outgoing from the gas-liquid

interface to the gas phase in the equilibrium state, Je‘iap is the mass flux of evapo-
ration vapor molecules, JV is the mass flux of the vapor molecules colliding with

O.
the interface, and J"

wond 1 the mass flux of the condensation vapor molecules. Figure

2.3 in Chapter 2 shows the relations between molecular mass fluxes given by the

following equations:

Jro=J I I =TT (2.29)

out evap refs “coll ref cond?

where JY, is the mass flux of vapor molecules outgoing from the interface to the

gas phase, and JY, is the mass flux of the vapor molecules reflected in the vicinity
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5.1 Introduction

of the interface to return to the gas phase. To calculate o) and o), molecular-scale
simulation methods have been used because obtaining the molecular mass fluxes
from molecules irregularly moving around the interface is necessary.

Ishiyama et al. conducted a MD simulation in a single-component system [134,
152] to calculate the evaporation mass flux and the evaporation coefficient ) in a
virtual vacuum condition where the condensation of vapor molecules does not occur
and only evaporation into vacuum occurs. In such a condition, net evaporation in
which the evaporation amount is larger than the condensation amount occurs. They
demonstrated that the evaporation mass flux during the evaporation into vacuum
hardly change from that in the equilibrium state where the evaporation amount was
equal to the condensation amount.

From the above, they proposed spontaneous evaporation, where the evaporation
mass flux is a function of only the liquid temperature as reported in [153]. Their
study result indicates that o, which can be calculated from the evaporation mass
flux, is also a function of the liquid temperature. Furthermore, o) in the single-
component system takes the same value regardless of whether the system is an
equilibrium or a non-equilibrium state where the net evaporation occurs, as long as

the liquid temperature remains constant.
v

e’

When calculating o, , molecules outgoing from around the gas-liquid interface

must to be classified into evaporation molecules and reflection molecules to sepa-

rately obtain JY,, and JY. Although we have a discussion of the classification

method in Chapter 4, to define reflection molecules involves arbitrariness in the
first place because they have no inherently definition. However, in the virtual vac-

uum condition, '](X/ap can be obtained without the ambiguity created by defining the

reflection molecules.
Based on the concept of spontaneous evaporation, some studies have been con-
ducted to calculate the evaporation coefficient o) and the condensation coefficient

a) under various system conditions [33,36,40,48,49,136,137,145-148]. In particular,

C
a¥ and o of vapor molecules and af and af of NC gas molecules were recently

calculated in a vapor—gas binary mixture system composed of vapor molecules and
v

c)

non-condensable (NC) gas molecules [33,36]. As described in Section 2.2.2, oY, a
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5.1 Introduction

G

¢ and oY in a binary mixture system are defined as functions of the molar frac-

«
tion of NC gas molecules in the liquid phase as well as the liquid temperature [50].
Although oY, oY, af, and af in the binary mixture system have been calculated
under certain conditions of liquid temperature [33] or partial pressure of NC gas
molecules [33,36], they have not been calculated in the non-equilibrium state.

For deriving proper boundary conditions for fluid dynamics that represent the
non-equilibrium evaporation with considering the influence of gaseous component,
KBCs for non-equilibrium evaporation in the binary mixture systems are needed.
Moreover, since some multi-component MGD analyses have been performed for non-
equilibrium physical phenomena involving phase change [34,35,45], such KBCs are
also desirable to perform accurate MGD analyses.

The non-equilibrium state indicates the state where the evaporation amount
and condensation amount do not match. Hence, the non-equilibrium state is clas-
sified 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, whereas net condensation occurs under the latter condition.
Non-equilibrium evaporation described in this thesis refers to net evaporation to be
precise.

\%4 G
C7a67

In this study, we conducted MD simulations to calculate o), « and af
during steady net evaporation in a binary mixture system for constructing KBCs. In
particular, based on spontaneous evaporation under the virtual vacuum condition in
a single-component system [134], we focused on the non-equilibrium state in which
condensation of vapor molecules does not occur and only evaporation occurs.

By calculating o in such a non-equilibrium state, we can clarify whether o in
any non-equilibrium state where the net evaporation occurs takes the same value as
that in the equilibrium state even in the binary mixture system. We also investigated

the influence of the molar fraction of the NC gas molecules in the liquid phase on

v
e -

«
From the above, the objectives of this MD study are summarized as follows:
to calculate o) in the non-equilibrium and binary mixture system to elucidate the

influences of the system states and the presence of NC gas molecules on o) and to
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5.2 Method

clarify the mechanisms by which these factors affect o).

In the binary mixture system, the non-equilibrium state without condensation
indicates a state where 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 construct KBCs in the non-equilibrium state caused by the mismatch between
the evaporation and condensation amounts, other conditions 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 this MD simulations.

5.2 Method

5.2.1 System conditions and calculation models

The calculation system and models used in this chapter were same as those in
Chapter 4. The number of Ne molecules was varied to investigate the influence of

\%4 \%4 G G
e7a/c’ae7a/c’

NC gas molecules on « and velocity distribution functions of vapor
and NC gas molecules. The number of Ne molecules Ny, was set to Ny. = 0, 4, 000,
8,000, and 12,000 in this chapter. The system and liquid temperatures Ty, were
fixed at 11, = 85 K.

Figures 5.1(a) and 5.2(a) show the calculation systems in the cases of Ny, =
8,000 and Ny. = 12,000, respectively. The calculation systems in the cases of
Nye = 0 and Ny = 4,000 are shown in Fig. 4.2 in Chapter 4. The figures illustrate
that some Ne molecules are dissolved in the liquid phase when Ny, # 0. The number
of dissolved Ne molecules corresponds to the molar fraction ¢, and the definition
and details of ¢ are described in Section 5.2.3.

The equilibrium state was used for the initial state even in the present sim-
ulations. The equilibrium systems in each case of Ny, were established by the
equilibrium calculation, whose method is described in Chapter 4. In addition, the
macroscopic variables such as density, velocity, and temperature fields were calcu-

lated to confirm that the system was reached the equilibrium state. The calculation

methods for those macroscopic variables can be found in Section 4.2.1.
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5.2 Method

Figure 5.1: (a) Calculation system composed of vapor (Ar) molecules and NC gas
(Ne) molecules with Nye = 8,000. Blue spheres are Ar molecules and green spheres
are Ne molecules. (b) Density, velocity, and temperature fields for Ar and Ne
molecules. (c¢) Density fields in the vicinity of gas-liquid interface (3 < z < 8).

Figure 5.2: (a) Calculation system with Ny = 12,000. (b) Density, velocity, and
temperature fields for Ar and Ne molecules. (c) Density fields in the vicinity of
gas—liquid interface (3 < z < 8).
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5.2 Method

Figures 5.1(b) and 5.2(b) show the density, velocity, and temperature fields in
the cases where Ny, = 8,000 and 12, 000, respectively. The figures confirm that the
velocity fields take zero and the temperature fields take 85 K uniformly throughout
the systems for both Ar and Ne molecules. Thus, we concluded that the systems
had reached the equilibrium state, and we established the equilibrium states in all
cases of Nye.

Figures 5.1(c) and 5.2(c) show the density fields of Ar and Ne molecules around
the gas-liquid interface (2 < z < 8). The density fields of Ne molecules show profiles
with a peak in the vicinity of the gas-liquid interface in the figures. This means
that Ne molecules formed the adsorption film on the interface, as reported in the
previous studies [33,36]. Especially, it has been shown that the maximum density of
the adsorption film becomes higher as the number of Ne molecules Ny, is higher, and
the same tendency is observed in the present MD system as shown in Figs. 5.1(c)
and 5.2(c).

Furthermore, the figures illustrate that as Ny, increases, the density of Ne
molecules in the liquid phase increases as well as the density in the gas phase. This
is because the number of Ne molecules that can be dissolved in the liquid phase has
increased due to the increase in their partial pressure in the gas phase.

The conditions for the simulations in the present MD study are summarized in

Tab. 5.1.

Table 5.1: Simulation conditions for this MD study.

Liquid and vapor molecules Argon (12,000 molecules)
NC gas molecules Neon
Number of Ne molecules Ny, 0, 4,000, 8,000, and 12,000
System and liquid temperatures 7, 85 K
Dimensions of system L, x L, X L, 8.0 x 8.0 x 175.0 nm

Boundary condition in all directions Periodic boundary condition
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5.2 Method

5.2.2 Calculation for molecular mass fluxes

Molecular mass fluxes passing through an arbitrary boundary can be obtained by
counting the number of molecules passing through that boundary per unit time and
unit area. In the present MD simulations, the molecular mass fluxes was calculated
by the following equation:

1 mN,

J = F; SAL (5.1)

where S is a cross-section area of a boundary, m is the mass of the molecule, IV,
is the number of molecules passing through the boundary, and Ny is the number of
sampling times.

Molecules moving in the vicinity of the gas-liquid interface are classified into
evaporation, reflection, and condensation molecules for calculating the molecular
mass fluxes given by Egs. (2.29) and (2.30) and the corresponding evaporation
and condensation coefficients given by Egs. (2.28) and (2.31) for both Ar and Ne
molecules. As a method to classify molecules and calculate the mass fluxes sep-
arately, we used the method that involves setting the liquid and gas boundaries,
which is discussed in Chapter 4. When determining the positions of the two bound-
aries, the following normalized z coordinate, which is described in Section 4.2.2 in

detail, was used:
z2— L

)
Based on the results in Chapter 4 and a previous study [40], the liquid boundary

z =

(4.5)

and the gas boundary were set at z = —1.0 and 3.0, respectively.
Counting the number of each classified molecules passing through the gas bound-

ary or the liquid boundary, the mass fluxes of vapor molecules, JY. ., Jé.q, and J,

can be calculated using Eq. 5.1. Furthermore, the mass fluxes of NC gas molecules,

JG

evapy . ¢ 4, and JY%. can also be calculated by using the same method and defini-

cond?

vV vV G G
o, 0, ag, and oy

tions as in the case of vapor molecules. From those mass fluxes, «
were calculated. Furthermore, the velocity distribution functions for each classified

molecules were also obtained for the construction of KBCs.
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5.2 Method

5.2.3 Establishment of non-equilibrium state where net evap-
oration of vapor molecules occurs

Definition of vapor density ratio

The greater evaporation amount than the condensation one puts the calculation
system in the non-equilibrium state in which the net evaporation of vapor molecules
occurs. To establish such a non-equilibrium state, an arbitrary number of Ar (vapor)
molecules in the gas phase were intentionally removed from the calculation system
in this study. This removal decreased in the number of condensation molecules and
the number of evaporation molecules became higher relatively; thus, we could estab-
lish the non-equilibrium state where the net evaporation occurs using this method
without changing the liquid temperature. This contributes to produce a steady
evaporation for calculating the molecular mass fluxes under a certain condition.

To quantitatively remark how non-equilibrium the system was, the following
vapor density ratio y was defined in this MD simulations:

oV
S 5.2
@) o2

where pY is the vapor density in the gas phase and p"*(7Ty) is the saturated vapor
density at the liquid temperature 7y. We defined outside of the gas boundary
zZ > 3.0 as the gas phase. In the equilibrium state where the evaporation and
condensation amounts are equal, the vapor density pY becomes same as p"*(T1)
and the vapor density ratio takes y = 1.0. In contrary, the case y < 1.0 indicates
that the system is in the non-equilibrium state where the net evaporation occurs
because the condensation amount is smaller than the evaporation one due to the
lower vapor density pY than the saturated vapor density p"*(T1,).

The above definition of y indicates that the case at x = 0.0 is the limit case
of the non-equilibrium state where the net evaporation occurs. Hence, the system
state targeted in this MD study is in the range of 0.0 < y < 1.0. Specifically, we
performed MD simulations in the systems at y = 0.0, 0.1, 0.5, and 1.0.

When producing the non-equilibrium state at xy = 0.0, all Ar (vapor) molecules

in the gas phase z > 3.0 in the initial composition were removed from the system
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5.2 Method

to set p! = 0. Subsequently, Ar molecules which evaporated from the liquid phase
and reached the gas phase were also removed to maintain p! = 0. Besides, when
producing the system with x = 0.5, the vapor density p! in the initial condition
was reduced to half of p¥*(71,) by removing half the number of Ar molecules in the
gas phase, and one in two evaporation Ar molecules was removed to maintain the
state at x = 0.5. The non-equilibrium state at y = 0.1 were also produced using
the same procedure for the above cases of x.

Figure 5.3 shows the calculation systems with Ny, = 4,000 in each case of y.
The figure illustrates that the number of Ar molecules (represented by blue spheres)
in the gas phase outside the gas boundary decreases as the value of y decreases,
and all Ar molecules in the gas phase are removed in the case of Y = 0.0. From the
figure, we can visually understand that the condensation amount decreases as the

vapor density in the gas phase decrease.

Figure 5.3: Calculation systems with Ny = 4,000 at xy = (a) 1.0, (b) 0.5, (c)
0.1, and (d) 0.0. The number of Ar molecules in gas phase (outside gas boundary)
decreases as y decreases.

The intentional removals of Ar molecules passing through the gas boundary

might affect the motions of Ne molecules in the gas phase, especially in the vicinity
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of the gas boundary. In the present MD simulations, the velocity scaling method was
applied to Ne molecules in the gas phase when the system was in a non-equilibrium
state at x < 1.0. This controlled the velocity distribution for colliding Ne molecules
with the gas-liquid interface to remain constant. This confirmed that the removal of
evaporation Ar molecules from the calculation system had no effect on the motions
of Ne molecules in the gas phase. Detailed methods and discussion are provided in

Sections 5.2.4 and 5.3.1.

Molar fraction of NC gas molecules in liquid phase

As the KBCs in the binary mixture systems are shown as a function of the molar
fraction of NC gas molecules [33,50], we calculated the molar fraction ¢ in each case

of Nne with using the following equation:
NG
¢ = V G )
NV + N

where NV and N¢ were the numbers of Ar or Ne molecules in the bulk liquid

(5.3)

phase in zZ < —1.0, respectively. Although the value of ¢ slightly fluctuated during
simulations in both the equilibrium and the non-equilibrium states, ¢ remained
almost the constant value. Thus, ¢ in each case of Ny, was calculated as the time
average of the simulations in all cases of y.

The values of ¢ and 0 for each case of Ny, in the present MD simulations are

summarized in Tab. 5.2.

Table 5.2: ¢ and ¢ for each case of Nye.

Nre o d [nm]

0 0 0.765
4,000 0.0053 0.881
8,000 0.0105 0.988
12,000 0.0156 1.079

Positions of liquid and gas boundaries during net evaporation

Ar molecules which evaporated from the liquid phase were removed from the calcula-

tion system one after another in the non-equilibrium state. This removal caused the
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decrease in the number of molecules composing the liquid phase, and the position of
the gas—liquid interface gradually recedes from its original position during the net
evaporation in this MD simulations.

The recession of the position of the interface makes it necessary to renew the
positions of the liquid and gas boundaries for the calculation of the molecular mass
fluxes. From the above, taking into the movement of the gas-liquid interface, we
adopted the following equation to track the position of the center of the density
transition layer [134]: p

ZIA = ZL — v At ve = -, (5.4)
L

where Z! is the position of the center of the density transition layer at a time ¢ and
Je is the mass flux of evaporation Ar molecules calculated in each time step with
the interval At. By substituting Zt4! into Eq. (4.5), the normalized 2 coordinate
could be renewed when the system was in the non-equilibrium state at x < 1.0, and
the positions of the liquid boundary and the gas boundary could also be renewed.
The receding length in each simulations in this study was short enough compared to
the z directional length of the gas phase of the calculation system. Therefore, the
change in the partial pressure of Ne molecules in the gas phase due to the recession

of the position of the interface was negligible.

Temperature control for molecules during net evaporation

The net evaporation causes the decrease in the liquid temperature. When calcu-
lating the molecular mass fluxes, the corresponding evaporation and condensation
coefficients, and velocity distributions of molecules by time averaging under a cer-
tain constant condition, it is necessary to cause the steady and constant net evap-
oration throughout each simulation. Thus, we applied the velocity scaling method
to molecules in the liquid phase in z < —2.0 to maintain the liquid temperature
at T, = 85 K in the cases where the system was in the non-equilibrium state at
x < 1.0.

In addition, the recession of Z! due to net evaporation causes the liquid film
to become thin. At the time when the length of the temperature control region

in Z < —2.0 becomes less than 29, we stopped a simulation because we considered
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that the thickness of the liquid film became insufficient for accurate calculations.
The stoppage of the simulation led the small number of sample molecules for each
calculation, and accurate values of mass fluxes or velocity distributions of molecules
could not be accurately obtained in a single simulation. Thus, in order to perform
sampling with a sufficient number of molecules in the non-equilibrium systems, we
ran simulations with more than 10 different initial compositions of molecules in all

cases of Ny, and x.

5.2.4 State of NC gas molecules during net evaporation

The main topic in the present study is the steady and net evaporation of vapor
molecules caused by the reduction in the vapor density ratio y. For reproducing
the steady net evaporation, the velocity scaling method was applied to molecules in
the liquid phase to maintain the liquid temperature at 71, = 85 K, and the vapor
molecules in the gas phase were adequacy removed to maintain y at the constant
value, as described in the previous subsection. However, in this study, NC gas
(Ne) molecules were in the calculation system, and it was necessary to remain their
influences on the evaporation of vapor molecules constant for achieving steady and
net evaporation under a certain condition.

To keep influences of Ne molecules on the evaporation in constant, their states in
the vicinity of the gas—liquid interface must remain the same throughout simulations.
Factors influencing on evaporation of vapor molecules are the density, temperature,
and velocity distributions of Ne molecules colliding with the gas-liquid interface from
the gas phase. These factors can maintain the certain constant states by keeping
the velocity distribution of colliding Ne molecules and their density constant. By
controlling the state of Ne molecules in the gas phase so that it is always in the
similar state to the equilibrium state at T = 85 K, their velocity distribution and
the density can be remained constant even during the net evaporation of vapor
molecules.

From the above, we lengthened the z directional system length, L., to five times
larger than that in the previous study [33]. Lengthening L, leads the increase in the

number of collisions between Ne molecules in the gas phase, which makes it easier
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for them to be in equilibrium. In addition, we applied the velocity scaling method to
Ne molecules in the gas phase in z > 5.0 to maintain their temperature at 7' = 85 K
when the system was in the non-equilibrium state.

To quantitatively evaluate whether Ne molecules in the gas phase could reach
the same state as the equilibrium state, we calculated a Knudsen number in the gas
phase. The Knudsen number, which is a dimensionless number defined as the ratio

of the mean free path of molecules A to the characteristic length L, is given by
Kn = —. (5.5)

Generally, molecules are considered to be in the equilibrium state when Kn < 1.

The mean free path can be estimated by the following equation:

1
B V2ro2n’

where o is the molecular diameter and n is the number density of molecules in the

A (5.6)

system with the characteristic length L.

In the case of Ny, = 4,000 which has the smallest number of Ne molecules in the
vapor—gas binary mixture system, Kn of Ne molecules in the gas phase was Kn =
0.0511. The applied parameter for calculating this Kn were ¢ = oy, = 0.275 nm,
n = 0.364 nm?3, and L = 16.0 nm. This characteristic length L = 16.0 nm represents
the approximate length of the gas phase obtained by subtracting the thickness of
the liquid film from the system length L.. In the cases of Ny, = 8,000 and 12,000,
the number density n becomes larger than in the case of Ny. = 4,000, and the value
of Kn becomes smaller. Thus, Kn = 0.0511 is the maximum value of Kn in the
vapor-gas binary mixture system in this study. Because Kn = 0.0511 is considered
as Kn < 1, Ne molecules in the gas phase were assumed to maintain the similar
state as the equilibrium state during the net evaporation of Ar molecules in all cases
of Nye in the present MD simulations.

When Ne molecules in the gas phase maintain the similar state to the equilibrium
state at T' = 85 K, they collide with the gas-liquid interface while following the
constant velocity distribution, and they keep the constant density according to their

temperature at 7' = 85 K. This would make the states of Ne molecules in the
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vicinity of the gas-liquid interface constant, and their influence on the evaporation
of vapor molecules would not change. The validity of this assumption is verified in

Section 5.3.1.

5.3 Results and discussion

In this section, we firstly investigated the states of Ne molecules in the non-equilibrium

state where the net evaporation occurs to confirm whether those kept constant dur-

\%4

V. oY, the mass fluxes, and

ing net evaporation of vapor molecules. Subsequently, a
the velocity distribution functions of vapor (Ar) molecules were investigated. In par-
ticular, the influences of the system state (i.e., the vapor density ratio y representing
the strength of non-equilibrium) and the presence of NC gas (Ne) molecules on the
evaporation of Ar molecules were discussed. a&, a, the mass fluxes, and the veloc-
ity distribution functions of Ne molecules were also investigated. In the last part of
this section, we discussed the KBCs in binary mixtures in the non-equilibrium state

where the net evaporation occurs.

5.3.1 State of Ne molecules in non-equilibrium state

The states of Ne molecules in the non-equilibrium system are investigated in this
subsection to confirm they are properly controlled to be remained at constant states
even during net evaporation. Figure 5.4 shows velocity distribution functions of
Ne molecules colliding with the gas—liquid interface in the non-equilibrium state at
x = 0.0 for ¢ = 0.0053, 0.0105, and 0.0156. The velocity distribution functions in

FG

won 1s the normalized

z direction given by CZfCGOH are shown in Figs. 5.4(a)-5.4(c).
velocity distribution function of colliding Ne molecules. The solid line in these figures
represent the z directional Maxwellian, which is given by Eq. (4.14).

Moreover, the velocity distribution functions in x and y directions given by

f&, are shown in Figs. 5.4(d)-5.4(f). The z or y directional Maxwellian, which is
represented by the solid line in the figures, is given by

fr = %eXp(—fﬁ), j=g, j (5.7)
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Figure 5.4: Velocity distribution functions in z direction for colliding Ne molecules
with gas—liquid interface at xy = 0.0 for ¢ = (a) 0.0053, (b) 0.0105, and (c) 0.0156.
Velocity distribution functions in z and y directions for colliding Ne molecules at
x = 0.0 for ¢ = (d) 0.0053, (e) 0.0105, and (f) 0.0156. Black solid lines represent
Maxwellian at 11, = 85 K.

As shown in Fig. 5.4, the velocity distribution functions for colliding Ne molecules
in all directions are found to remain constant at the Maxwellian for all cases of ¢.
This means that even during the net evaporation of Ar molecules, Ne molecules
maintain their velocity distributions in the same ones as in equilibrium state. Not
only in the case of x = 0.0, we have confirmed the agreements of the velocity
distribution functions for colliding Ne molecules with the Maxwellian for all cases
of x in this study.

In addition, the density fields of Ar and Ne molecules in the systems in the
equilibrium state at y = 1.0 and in the non-equilibrium state at y = 0.0 are shown
in Fig. 5.5. The density fields in the cases of ¢ = 0.0053, 0.0105, and 0.0156 are
shown in Figs. 5.5(a)-5.5(c), respectively, and the density fields in the lower density
range p < 80.0 kg/m?® (¢ = 0.0053) are shown in Fig. 5.5(d). The solid lines

represent the density fields of Ar and Ne molecules at y = 1.0 and the open squares
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represent those at y = 0.0.

Figure 5.5: Density fields of Ar and Ne molecules at x = 0.0 and 1 for ¢ = (a) 0.0053,
(b) 0.0105, and (c) 0.0156. (d) Density fields in the low density range p < 80.0 kg/m?
for ¢ = 0.0053. Open squares represent densities of Ar or Ne molecules at x = 0.0
and solid lines represent densities at y = 1.0.

Figures 5.5(a)-5.5(c) indicate that the density fields in the non-equilibrium state
at x = 0.0 show almost the same profiles as in the equilibrium state at y = 1.0 in
all cases of ¢ = 0.0053, 0.0105, and 0.0156. In a precise sense, because there were
no condensation vapor (Ar) molecules from the gas phase when the system was in
the non-equilibrium state at y = 0.0, the density field of Ar molecules around the
gas boundary in the range 1 < z < 3 indicate lower density than that at y = 1.0
as shown in Fig. 5.5(d). However, the density fields of Ar molecules around the
gas—liquid interface in the range z < 1 and of Ne molecules between the liquid and
gas boundaries at x = 0.0 fundamentally keep the same profiles as at x = 1.0. Not

only in the case of y = 0.0, we have confirmed that the density fields in all cases
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of x shows the same tendencies as above. Thus, the density profiles of molecules
in the vicinity of the gas-liquid interface are found to be hardly change its profiles
regardless of the value of y.

In Figs. 5.4 and 5.5, the velocity distributions of colliding Ne molecules and
the profiles of the density fields in the vicinity of the gas—liquid interface in the
non-equilibrium state are demonstrated to keep the same ones as in the equilibrium
state at y = 1.0. Therefore, we conclude that the influences of Ne molecules on
the evaporation of vapor molecules hardly change throughout the simulations, and
the steady and net evaporation of vapor molecules in the present MD study was

properly caused only by the reduction of the vapor density ratio .

5.3.2 Evaporation coefficient and condensation coefficient of
vapor molecules

Figure 5.6 shows the evaporation coefficient o) and the condensation coefficient o)
of vapor molecules in each case of the vapor density ratio y and the molar fraction

¢. The abscissa represents y and the ordinates represents o) or o). The dashed

-
line for each case of ¢ represents the average value in all cases of x. Because there

were no colliding vapor (Ar) molecules from the gas phase in the case of x = 0.0,

v

a, could not be calculated in this case.

Figure 5.6: (a) Evaporation coefficient o and (b) condensation coefficient o) of Ar
molecules in each case of x and ¢. Dashed line for each case of ¢ represents average
value in all cases of y.
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Figure 5.6(a) illustrates that o takes almost the constant value regardless of
the value of x in each case of ¢; further, o) decreases as ¢ increases in each case of
X. The same tendencies are illustrated in Fig. 5.6(b) for aY. These result indicate
that o) and o) are independent of whether the system is in equilibrium or non-
equilibrium (i.e., the value of x), whereas they are greatly depend on the molar
fraction ¢.

In the previous studies [33,36], it has been reported that the value of o is equal
1%

to o

in the equilibrium and binary mixture system. Even in this study, o) takes
the similar value as o in the equilibrium state at y = 1.0 as shown in Fig. 5.6.
Furthermore, as mentioned above, o) and o) in the non-equilibrium system in
X < 1.0 hardly change their values from those in the equilibrium system at y = 1.0.
Therefore, o) is shown to take almost the same value as ) regardless of the value
of x in the range of 0 < x < 1.0.

In Chapter 4 and previous studies [39, 154, 155], it is shown that the condens-
ability of a vapor molecule depends on its colliding velocity with the gas-liquid
interface from the gas phase in the normal direction to the interface. Furthermore,

a) is demonstrated to take a value according to the z directional velocity distri-

bution of colliding vapor molecules, as given Eq. (4.13). These indicate that o)
takes the same value as long as the velocity distribution of colliding vapor molecules
remains constant.

In the present MD simulations, velocities of molecules in the gas phase were con-
trolled to remain similar to those under the equilibrium state even during the net
evaporation. This maintains the velocity distribution of colliding vapor molecules
toward the interface at the constant one regardless of the system states. Figure 5.7
shows the z directional velocity distribution functions for colliding vapor molecules
for y = 0.1 and 1.0 in the cases of ¢ = 0, 0.0053, and 0.0156. The z directional
Maxwellian represented by the solid line is given by (, fz*, and the velocity distribu-

tions for each ¢ and x are given by (., f\’

coll*
Figure 5.7 illustrates that the velocity distributions of colliding vapor molecules
from the gas phase do not depend on Y, and they have hardly changed its profiles

from the Maxwellian in all cases of ¢ in the figure. The same tendency of the velocity
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5.3 Results and discussion

Figure 5.7: Velocity distribution functions in z direction for colliding Ar molecules
for (a) ¢ =0, (b) ¢ = 0.0053, and (c) ¢ = 0.0156.

distributions not to deviate from the Maxwellian was confirmed for y and ¢ other

than those shown in the figure. Thus, because the z directional velocity distribution

\%4

<, is independent of

of colliding vapor molecules, which can affect the value of «
the system state (i.e., the value of x), a) in Fig. 5.6(b) shows almost the constant
values regardless of the value of x in the current MD simulations.

JYe, and JY. of Ar molecules for each case of ¢ and y

The mass fluxes JY, of>

evap?
are shown in Fig. 5.8. The abscissa represents ¢ and the ordinate the value of the
mass fluxes. Because there were no colliding Ar molecules from the gas phase in the
non-equilibrium state at y = 0.0, the reflection of Ar molecules does not occur in
this case. Thus, JY; takes zero and JY,, = Jy holds for all cases of ¢ at x = 0.0,
as shown in Fig. 5.8(a).

In the cases of xy # 0.0, the reflection of Ar molecules occurs and it causes
JY. # 0.0. Figure 5.8 confirms that JY, increases as ¢ increases, whereas Je‘éap
decreases as ¢ increases in all cases of x. This indicates that as the number of NC
gas molecules in the calculation system increases, the reflection of colliding vapor
molecules is more likely to occur and the evaporation of vapor molecules becomes
more hindered.

Furthermore, Fig. 5.8 illustrates that Je‘iap in each case of ¢ has almost the same
values regardless of the value of y, whereas it decreases as ¢ increases in each case of
x- From the definition of o) given by Eq. (2.28), J¥* in equilibrium state at x = 1

u

is used for the calculation of o) in any system states (i.e., the value of ). Thus,
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5.3 Results and discussion

Figure 5.8: Mass fluxes JY,,, Ji;, and Jy, of vapor (Ar) molecules in the cases of
. is represented by JY* in equilibrium

X = (a) 0.0, (b) 0.1, (c) 0.5, and (d) 1.0. JY, .
state at y = 1 in (d).

JV

ovaps Which does not change according to x, makes o} the same value regardless

of the value of x in each case of ¢. Factors that do not change JY__ depending on

evap

the value of x are discussed in Section 5.3.3; factors by which ¢ reduces JY,, are
discussed in Section 5.3.4.

The mass fluxes JY 4, JV: and JY, of Ar molecules for each case of ¢ and x
are shown in Fig. 5.9. The abscissa represents ¢ and the ordinate the value of the
mass fluxes. The mass fluxes of reflection molecules JY; in the figure are same as
those in Figs. 5.8(b)-5.8(d). In the case of x = 0.1, the number of Ar molecules in
the gas phase was quite small, and thus, all mass fluxes take small values as shown
in Fig. 5.9(a). With the increase in y, the value of all mass fluxes increase due to

the increase in the total number of molecules colliding with the gas—liquid interface
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from the gas phase.

Figure 5.9: Mass fluxes JY ., JV. and JY, of vapor (Ar) molecules in the cases of

x = (a) 0.1, (b) 0.5, and (c) 1.0.

When the system is in the equilibrium state at y = 1.0, condensation amount

equals evaporation amount. Thus, JY . in the case of x = 1.0 shown in Fig. 5.9(c)

exhibits almost the same values as JJ, shown in Fig. 5.8(d). This makes J; and

JY* almost same values as well because JY; in each case of ¢ is the same when
x = 1.0.

5.3.3 Influence of system state on evaporation

The difference between the equilibrium and the non-equilibrium states in the present
MD simulations is the number of colliding vapor molecules from the gas phase. As

shown in Fig. 5.5(d), the vapor density around the gas boundary (1 < z < 3) in the
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non-equilibrium state at x = 0 is lower than that in the equilibrium state at y = 1.0
owing to the absence of colliding vapor molecules. We confirmed that the vapor
density in the range 1 < z < 3 in the non-equilibrium state at y < 1.0 approaches
that of the equilibrium state as y approaches y = 1.0. In contrast, as described in
Section 5.3.1, the states of NC gas molecules remained constant for all cases of the
values of x and ¢ in the present MD simulations.

Because the number density of molecules corresponds to the molecular collision
rate [37], the evaporation of vapor molecules from the liquid phase to the gas phase
can be affected by the change in the vapor density around the gas boundary. A
higher molecular collision rate decreases Jg,ap as the evaporation of vapor molecules
is more likely to be hindered by molecular collisions. Thus, we investigate factors
that causes JJ,, to have the same value regardless of the value of x from the
viewpoint of the number density and molecular collisions taking the cases of x = 0.0
and 1.0 as an example.

Figure 5.10(a) shows the normalized number densities of molecules around the
gas boundary in the range 1 < Z < 3 in each case of ¢. The number densities
of Ar molecules, Ne molecules, and the sum of Ar and Ne molecules in the non-
equilibrium state at y = 0.0 are normalized to those in the equilibrium state at
x = 1.0. The figure illustrates that the normalized number densities of Ar molecules
are approximately 0.5 in all cases of ¢. This indicates that the number density of
vapor molecules at y = 0.0 is almost half of that at x = 1.0 around the gas boundary
because of the absence of the colliding vapor molecules from the gas phase. In
contrast, the normalized number densities of Ne molecules are almost unity in all
cases of ¢ because the density profiles of Ne molecules does not change depending
on the system state, as shown in Fig. 5.5. As the number density of Ne molecules
hardly changes, the normalized number density of the sum of Ar and Ne molecules
approaches unity in the cases of ¢ # 0.

To correlate the number density of molecules with the molecular collision rate,
we calculated a local Knudsen number, Kn’, around the gas boundary in the range
1 < Z < 3. As described in Section 5.2.4, the Knudsen number is defined as the

ratio of the mean free path of molecules to the characteristic length. Thus, we can
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Figure 5.10: (a) Normalized number densities of Ar molecules, Ne molecules, and
the sum of Ar and Ne molecules in 1 < zZ < 3 in each case of ¢. Number density of
molecules at x = 0.0 is normalized to that at y = 1.0. (b) Local Knudsen number
Kn' in 1 < 7 < 3 in the equilibrium state at y = 1.0 and the non-equilibrium state
at x = 0.0 in each case of ¢.

estimate the molecular collision rate within an arbitrary region by calculating local
Knudsen numbers.

Figure 5.10(b) shows the Kn' in the range 1 < Z < 3 in the equilibrium state at
x = 1.0 and the non-equilibrium state at x = 0.0 for each case of ¢. The thickness
of the density transition layer 4 (shown in Tab. 5.2) and the number density of the
sum of Ar and Ne molecules in the range 1 < z < 3 are applied to the characteristic
length L and the number density n for the calculation of Kn', respectively. The
figure illustrates that there is the significant difference in Kn' for ¢ = 0 between
the equilibrium state at y = 1.0 and the non-equilibrium state at x = 0.0. This is
because the number density of molecules around the gas boundary greatly differs
when ¢ = 0, as shown in Fig. 5.10(a).

The difference in Kn' indicates the difference in the molecular collision rate in
the range 1 < zZ < 3, causing a change in the possibility that evaporation of va-
por molecules is hindered by molecular collisions. However, Kn’ in the equilibrium
state at x = 1.0 is approximately 15 in the case of ¢ = 0, and it is known that a
high Knudsen number, generally greater than 10, represents the free-molecular flow

where molecular collision hardly occur [29]. This means that, although the number
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density and molecular collision rate around the gas boundary are higher in the equi-
librium state than in the non-equilibrium state, the evaporation of vapor molecules
in the single-component system is hardly hindered by molecular collisions even in
the equilibrium state. Therefore, Jg{,ap and the corresponding o) are independent
of whether the system is in the equilibrium or the non-equilibrium state (i.e., the
value of y) in the single-component system of ¢ = 0.

In the vapor—gas binary mixture systems for ¢ # 0, Kn' in each case of ¢ takes al-
most the same value between the equilibrium state at xy = 1 and the non-equilibrium
state at x = 0, as shown in Fig. 5.10(b). This is because the unchanged number
density of Ne molecules according to the system state makes the number density
of the sum of Ar and Ne molecules almost the same between the equilibrium state
and the non-equilibrium state. Because Kn' shows approximately equal values, the
molecular collision rate hardly changes and the possibility that evaporation of vapor
molecules is hindered by molecular collisions does not change according to the sys-
tem state (i.e., the value of x). Therefore, in the case of the binary mixture systems
of ¢ # 0, Je‘f,ap and the corresponding o) are independent of whether the system is

in the equilibrium or the non-equilibrium state.

5.3.4 Influence of NC gas molecules on evaporation

In the previous subsection, we showed the reason that ! is independent of the
system state. Subsequently, we demonstrate the influence of the molar fraction ¢ of

4 1%
NC gas molecules on J ., and a .

As shown in Fig. 5.8, JY,, decreases as ¢ increases. Based on the discussion

in the previous subsection, the decrease in Jg{,ap with the increase in ¢ is expected

to be caused by the change in the number density of NC gas molecules around
the gas—liquid interface which is related to molecular collision rates. Furthermore,
because Ne molecules form an adsorption film on the interface, the influence of Ne

molecules on Jgf,ap can depend on the position around the interface. From the above,

we investigate the factor that causes the decrease in JY_ , and also investigate where

evap’

the influence of NC gas molecules on Je‘f,ap appears prominently.

To that end, we defined a backscattering molecules, as shown in Fig. 5.11(a).
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An Ar molecule that passed through the liquid boundary from the liquid phase
and returned to the liquid phase again without passing through the gas boundary
was defined as the backscattering molecule. In addition, we also defined Zeacn Of a
backscattering molecule as the maximum z where that molecule reached. From the
tendency of Zeacn Of backscattering molecules in each case of ¢, regions where Ne

molecules prominently reduce Jg\/,ap could be estimated.

Figure 5.11: (a) Schematic of backscattering molecule. Zeac, Was defined as the
maximum Z where the molecule reached. (b) Frequency distribution of Z,eacn between
liquid and gas boundaries with the interval AZcacn = 0.5.

Figure 5.11(b) shows a frequency distribution of Z e, between the liquid and
gas boundaries with the interval AZ.cn = 0.5, and the inset of the figure shows
the frequency distribution in the range 1.5 < Zieach < 3.0. Zieaen Of backscattering
molecules in all cases of ¢ were obtained within a sampling time of 10 ns in the
non-equilibrium state at x = 0. The number of backscattering molecules in each
interval of Z...., were normalized to the total number of backscattering molecules
obtained during the sampling time (10 ns) in the case of ¢ = 0. The backscattering
that occurs in the single-component system of ¢ = 0 is caused by the interaction of
only Ar molecules. Thus, the number of backscattering molecules in this case does
not include the influence of Ne molecules, and the difference between the result of
¢ = 0 and other cases of ¢ is caused by the presence of Ne molecules.

Figure 5.11(b) illustrates that most backscattering occurs in the range z < 1.0 in
all cases of ¢, indicating that a large number of backscattering molecules returned

to the liquid phase from around the gas—liquid interface. In contrast, the number of
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backscattering molecules is miniscule in the region around the gas boundary; how-
ever, the inset of the figure illustrates that the number of backscattering molecules
is more than doubled as ¢ increases. These results suggest that the influence of the
increase in ¢ on backscattering is larger around the gas boundary than around the
gas—liquid interface, although the number of backscattering molecules around the
gas boundary is small.

To elucidate the influence of ¢ on backscattering that is occurring around the in-
terface and the gas-phase subregions, the rate of increase in the number of backscat-
tering molecules with the increase in ¢ on those two sides was investigated. Herein,
the liquid-phase subregion was defined as the range —1 < Z < 1, and the gas-phase
subregion was defined as 1 < z < 3.

Figure 5.12(a) shows the normalized number of backscattering molecules on the
interface and gas-phase subregions in each case of ¢. The number of backscattering
molecules on each side is normalized to that in the case of ¢ = 0. The figure illus-
trates that the number of backscattering molecules increases as ¢ increases on both
the interface and gas phase sides. The increase in the number of the backscattering
molecules indicates that the vapor molecules become more likely to be prevented
from evaporating. Thus, we conclude that the decrease in Je‘f,ap with an increase
in ¢ (shown in Fig. 5.8) is caused by vapor molecules becoming more likely to be
backscattered throughout the entire range between the liquid and gas boundaries.
However, Fig. 5.12(a) also illustrates that the normalized number of backscattering
molecules on the gas-phase subregion significantly increases compared to that on
the liquid-phase subregion. This indicates that ¢ has a greater influence on the
backscattering of vapor molecules around the gas boundary.

We next calculate the number density of molecules on the interface and gas-phase
subregions in each case of ¢ to elucidate the reason why the influence of ¢ on the
backscattering is greater on the gas-phase subregion. The number densities n(¢)
on the interface and gas-phase subregions were calculated from the total number
of Ar and Ne molecules in the ranges —1 < zZ < 1 and 1 < zZ < 3 in each case of
¢, respectively. As the adsorption film of Ne molecules is formed around z = 0,

as shown in Fig. 5.5, the influence of the adsorption film on the backscattering is
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Figure 5.12: (a) Normalized number of backscattering molecules and (b) normal-
ized number density of molecules on the liquid-phase subregion and the gas-phase
subregion in each case of ¢.

included in n(¢) on the liquid-phase subregion.

Figure 5.12(b) shows the normalized number density of molecules on the interface
and gas-phase subregions in each case of ¢. The number density n(¢) in each case
of ¢ is normalized to n(¢ = 0) on each side. On the gas-phase subregion, the
number density at ¢ = 0.0156 is approximately 27 times larger than that at ¢ = 0.
In contrast, on the liquid-phase subregion, the number density at ¢ = 0.0156 is
approximately 1.2 times larger than that at ¢ = 0. This result indicates that the
increase in the number density of molecules with the increase in ¢ is more remarkable
on the gas phase side than on the liquid-phase subregion. Furthermore, it is also
indicated that the adsorption film of Ne molecules, which has a locally high density
around the gas-liquid interface, does not have a large effect on n(¢) on the liquid-
phase subregion.

From the above, a large increase in the number of backscattering molecules on
the gas-phase subregion (shown in Fig. 5.12(a)) is considered to be caused by a
large increase in the molecular collision rate owing to the higher number density of
molecules. We conclude that this is the reason that the influence of the increase of ¢
on the backscattering is greater on the gas-phase subregion than on the liquid-phase

subregion.
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5.3.5 Velocity distribution functions of vapor molecules

Below we show the velocity distribution functions of vapor (Ar) molecules to investi-
gate their motions around the gas-liquid interface during evaporation, condensation,
or reflection. Figure 5.13 shows the z directional velocity distribution functions for

evaporation Ar molecules in each case of ¢. The velocity distributions at xy = 0.0

and 1.0 are shown as a function ¢, f¥,

evap> and z directional Maxwellian at 71, = 85 K,

which is represented by the solid line, is given by (, fz* The figure illustrates that
the velocity distributions in each case of ¢ show an almost constant distribution
regardless of the value of y. This indicates that the velocity distribution functions

FV

for evaporation Ar molecules, fq ..,

does not depend on whether the system is in an

equilibrium or a non-equilibrium state.

Figure 5.13: Velocity distribution functions for evaporation Ar molecules for ¢ =
(a) 0, (b) 0.0053, (c) 0.0105, and (d) 0.0156 in the cases of y = 0.0 and 1.0. Solid
line represents z directional Maxwellian at Ty, = 85 K.
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In addition, the figure also illustrates that the most probable value of (, and the
mean velocity of the velocity distribution function becomes higher as ¢ 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
velocity of evaporation molecules with the increase in ¢ in binary mixtures and
equilibrium systems has been reported in a previous study [33]; however, the factors
that cause this tendency have not been elucidated yet. Thus, we below discuss the

v

cause of the increase in the mean velocity of fg,,.

Figure 5.14 shows the attractive force on the z coordinate acting on an Ar
molecule in each case of ¢. The force was calculated from the attractive term
in the Lennard-Jones potential function given by Eq. (2.1). The negative value on
the ordinate in the figure represent the force toward the liquid-phase side (i.e., the
force acting in the negative direction of the z direction). The attractive forces were
calculated in the equilibrium state at x. As the state of the gas-liquid interface
of Ar and Ne molecules hardly changes according to the system state as shown in
Fig. 5.5, the attractive force in the non-equilibrium state at xy # 0 would show the

same profiles as that shown in Fig 5.14.

Figure 5.14: Attractive force acting on Ar molecules on z coordinate. A negative
value indicates a force acting in the negative direction of Zz.

The figure confirms that a large force in the negative direction of Z acts on
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molecules in the vicinity of the gas—liquid interface in all cases of ¢. This is owing
to the attractive forces from molecules composing the liquid phase whose density
is significantly larger than the gas phase. Furthermore, the force in the positive z
direction acts in the cases of ¢ = 0.0053 and 0.0156 around z < —1.0 in the figure.
This is because molecules there receive attractive force in the positive Z direction
from Ne molecules, which make up the adsorption film around z =~ 0.

In previous studies [33,36], it has been reported that the attractive force toward
the liquid-phase side, which acts on molecules in the vicinity of the gas-liquid inter-
face, contributes to the formation of the adsorption film of Ne molecules. Further-
more, the z directional velocity of evaporation vapor molecules heading to the gas
phase is decelerated by the attractive force toward the interface before the molecules
reach the gas boundary. Figure 5.14 indicates that the attractive force acting in the
vicinity of the interface weakens as ¢ increases. This is caused by the increase in the
thickness of the density transition layer ¢ with the increase in ¢ shown in Tab. 5.2.
As the attractive force toward the liquid-phase side weakens owing to the increase in
¢, the deceleration of the rate of evaporation molecules is suppressed. We conclude
that the weakening of the attractive force is one of the causes of the increase in the

i

mean velocity of f,,

with an increase in ¢, which is shown in Fig. 5.13.
Figure 5.15 shows the velocity distribution functions for reflection Ar molecules
at yx = 0.1, 0.5, and 1.0 in each case of ¢. The velocity distributions are shown

A

as a function (. fY;, and the z directional Maxwellian at 7y, = 85 K, which is
represented by the solid line, is given by (, fj Some fluctuations in the velocity
distribution functions are observed in the case of y = 0.1 owing to the small number
of colliding and resulted reflection molecules. However, the figure basically indicates
that the velocity distributions of reflection Ar molecules are independent of whether
the system is in an equilibrium or a non-equilibrium state, i.e., independent on the
value of y.

Furthermore, the figure also indicates that the velocity distributions significantly
depend on the molar fraction ¢. The most probable value of (, and the mean

velocity in ¢, fY; are smaller as ¢ is closer to zero, and the same tendency is shown

and discussed in Fig. 4.9 in Section 4.3.3 (Chapter 4). As described in Section
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Figure 5.15: Velocity distribution functions for reflection Ar molecules for ¢ = (a)
0, (b) 0.0053, (c) 0.0105, and (d) 0.0156 in the cases of x = 0.1, 0.5, and 1.0. Solid
line represents z directional Maxwellian at Ty, = 85 K.

4.3.3, it has been reported that the velocity distribution function for reflection vapor
molecules becomes almost the same as the Maxwellian under extremely high partial
pressure of NC gas molecules, i.e., in the case where the value of ¢ is quite large [36].
Although ¢, fgf in Fig. 5.15 does not agree well with the Maxwellian in the range of
¢ in the present MD study, we consider that the tendency that (, fr‘gf approaches to
the Maxwellian with the increase in ¢ is observed in Fig. 5.15.

Figure 5.16 shows the velocity distribution functions for outgoing Ar molecules
at x = 0.0 and 1.0 in each case of ¢. The velocity distributions are shown as a

A

function ¢, f¥ ., and the z directional Maxwellian at T}, = 85 K, which is represented

by the solid line, is given by (, f: . In the case of x = 0.0, there were no colliding

Ar molecules from the gas phase, and therefore, the reflection of them did not
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Figure 5.16: Velocity distribution functions for outgoing Ar molecules for ¢ = (a)
0, (b) 0.0053, (c) 0.0105, and (d) 0.0156 in the cases of x = 0.0 and 1.0. Solid line
represents z directional Maxwellian at Tt, = 85 K.

occur. Thus, fg{lt in this case indicates the same velocity distribution as that for

rave

evaporation Ar molecules fo.

at x = 0.0, which is shown in Fig. 5.13. Figure
5.16 also indicates that in the case of the equilibrium state at y = 1.0, the velocity
distribution functions ¢, fg{lt for all cases of ¢ have almost the same profile as the
Maxwellian.

Figure 5.17 shows the velocity distribution functions for condensation Ar molecules
at x = 0.1 and 1.0 in each case of ¢. The velocity distributions are shown as a func-

A

tion ¢, fY 4, and the z directional Maxwellian at 71, = 85 K, which is represented

A

by the solid line, is given by szz* As with the case of (. fY; shown in Fig. 5.15,
some fluctuations in the velocity distribution functions are observed in the case of

X = 0.1 owing to the small number of colliding and condensation molecules. How-
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A

ever, (,fY . in the cases of x = 0.1 and 1.0 have a rather similar profile, indicating
that the velocity distributions of condensation Ar molecules is independent of the

system state (i.e., the value of y).

Figure 5.17: Velocity distribution functions for condensation Ar molecules for ¢ =
(a) 0, (b) 0.0053, (c) 0.0105, and (d) 0.0156 in the cases of y = 0.1 and 1.0. Solid
line represents z directional Maxwellian at Ty, = 85 K.

\%4

V. aY and other properties

The results so far mainly demonstrated details of «
of vapor (Ar) molecules. In the following subsections, we focus on and demonstrate

those of NC gas (Ne) molecules.

5.3.6 Evaporation coefficient and condensation coefficient of
NC gas molecules

From this subsection, we described the results for variables in the KBC of NC gas

(Ne) molecules. Figure 5.18 shows the evaporation coefficient & and the condensa-
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tion coefficient a& of NC gas (Ne) molecules in each case of the vapor density ratio
x and the molar fraction ¢. The abscissa represents y and the ordinate represents

al or af. The dashed line for each case of ¢ represents the average value in four

e
cases of x. Because there were no Ne molecules in the system in the case of ¢ = 0
(Nxe = 0), af and af could not be calculated in this case. The figure illustrates
that af and af take almost the constant value regardless of the value of y in each
case of ¢; further, af and o decrease as ¢ increases in each case of x. These
indicate that a& and af are independent of whether the system is in an equilibrium
or a non-equilibrium state (i.e., the value of x), whereas they are greatly depend on

the molar fraction ¢, as with the case of o) and o of vapor molecules.

Figure 5.18: (a) Evaporation coefficient o and (b) condensation coefficient af of
Ne molecules in each case of y and ¢. Dashed line for each case of ¢ represents
average value in all cases of x.

G

o in each

The figure also illustrates that af takes almost the same value as «
case of x or ¢. In addition, af and ¥ have quite small values compared to o) and
a) shown in Fig. 5.6. This indicates that NC gas molecules hardly degas or dissolve

relative to the evaporation and condensation of vapor molecules.
G

c

All the tendencies of af and af, which are illustrated in Fig. 5.18, are also
indicated by o) and o) in Fig. 5.6. The number densities of molecules around
the gas—liquid interface and the related molecular collisions affect the motions of Ne
molecules as well as Ar molecules. Therefore, we consider that the same mechanisms
discussed in Sections 5.3.3 and 5.3.4 made the tendencies of a& and af the same as

those of o) and o) in the present MD simulations.
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Figure 5.19: Mass fluxes JS . JC. and JS, of NC gas (Ne) molecules in the cases

evap’ “ref>

of x = (a) 0.0, (b) 0.1, (c) 0.5, and (d) 1.0.

Figures 5.19 and 5.20 show the mass fluxes of Ne molecules in each case of y
or ¢. The mass fluxes JG, ., J%, and J§, are shown in Fig. 5.19, and JG ., J%,
and J& are shown in Fig. 5.20. Because the states of Ne molecules were remained
constant throughout the simulations, the mass fluxes are independent of the value
of x. Thus, Figs. 5.19 and 5.20 illustrate that the mass fluxes in each case of ¢
show almost the same values in all cases of x. From the above, J&, = J&* holds
regardless of the system states in the present MD simulations.

In the case of Ar molecules, the mass fluxes Jéﬁap and JY . decrease as ¢ increases
as shown in Figs. 5.8 and 5.9. This is because the evaporation (or condensation) of
vapor molecules is more likely to be prevented by the larger number of Ne molecules,

as discussed in Section 5.3.4. In contrast, because the absolute number of degas or
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Figure 5.20: Mass fluxes JC ,, JS;, and J& of NC gas (Ne) molecules in the cases

cond? ef ) co

of x = (a) 0.0, (b) 0.1, (c) 0.5, and (d) 1.0.

dissolution Ne molecules increases with the increases in ¢, the mass fluxes Jecf,ap and

JE 4 of Ne molecules increase as ¢ increases, as shown in Figs. 5.19 and 5.20. How-

ever, the increase in JY is considerably larger than J¢  and J¢

ref evap cond- This indicates

that the increases in J&, and J&, with the increase in ¢ is largely due to the increase

. 7G : G G G G :
in JiZ;. Thus, the ratios of Jg;,, to Jo, and of J7 4 to Ji) decrease as ¢ increases,

resulting the decrease in af and af.

5.3.7 Velocity distribution functions of NC gas molecules

In this subsection, we show the velocity distribution functions of Ne molecules.
Figure 5.21 shows the z directional velocity distribution functions for evaporation

(degassing) Ne molecules in each case of ¢. The velocity distributions at x = 0.0
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A~

and 1.0 are shown as a function ¢, &

evap» and z directional Maxwellian at 71, = 85 K,

which is represented by the solid line, is given by (., fz* . The figure illustrates that

the velocity distributions in each case of ¢ show an almost constant distribution

regardless of the value of y. This indicates that fG

evap d0€s not depend on whether

the system is in an equilibrium or a non-equilibrium state.
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Figure 5.21: Velocity distribution functions for evaporation (degassing) Ne molecules
for ¢ = (a) 0.0053, (b) 0.0105, and (c) 0.0156 in the cases of y = 0 and 1. Solid line
represents z directional Maxwellian at T, = 85 K.

Furthermore, Fig. 5.21 also indicates that the most probable value of (, and the
mean velocity of the velocity distribution function becomes higher as ¢ increases,
as in the case of evaporation Ar molecules shown in Fig. 5.13. The same tendency
has been observed in a previous study [33,36]. We consider that the increase in
the mean velocity of evaporation Ne molecules is caused by the same mechanism
discussed in the previous subsection, i.e., the change in the attractive force acting
on molecules shown in Fig. 5.14.

Figures 5.22 and 5.23 show the velocity distribution functions for reflection Ne
molecules and outgoing Ne molecules, respectively. The velocity distributions in
each case of ¢ at x = 0 and 1 are shown as functions (, fgf and (, f(ﬁt, respectively.
The z directional Maxwellian at T, = 85 K, which is represented by the solid line, is
given by (, f;‘ The figures illustrate that the velocity distribution functions seldom
change according to the values of ¢ and y, indicating that the velocity distributions
of reflection and outgoing Ne molecules are independent of the molar fraction and
the system states.

G G and fS& of Ne

Under the conditions in the present MD simulations, fii, fevaps of
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Figure 5.22: Velocity distribution functions for reflection Ne molecules for ¢ = (a)
0.0053, (b) 0.0105, and (c) 0.0156 in the cases of x = 0 and 1. Solid line represents
z directional Maxwellian at 71, = 85 K.
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Figure 5.23: Velocity distribution functions for outgoing Ne molecules for ¢ = (a)
0.0053, (b) 0.0105, and (c) 0.0156 in the cases of x = 0 and 1. Solid line represents
z directional Maxwellian at 71, = 85 K.

molecules have the following relation:

el lele] G\ G
out — (e evap + (]' - Qg ) ref (58)
As shown in Fig. 5.18, a¥ and af are quite small in all cases of ¢ in the present

G tOG

MD simulations, indicating that a contribution of fg ot

becomes negligible

small. Thus, it is proved by Eq. (5.8) that fgflt is mainly composed of fgf, and the
deviation of fG

evap (rom the Maxwellian hardly affects the profile of ¢, fS shown in
Fig. 5.23.

Figure 5.24 shows the velocity distribution functions for condensation (dissolv-

ing) Ne molecules in each case of ¢. The velocity distributions at y = 0 and 1

are shown as functions ¢, f& ;, and the z directional Maxwellian at 73, = 85 K,

which is represented by the solid line, is given by (., fz* The figure illustrate that
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5.3 Results and discussion

the velocity distribution functions seldom change in accordance with the value of
X, indicating that the velocity distributions of condensation Ne molecules are in-
dependent of whether the system is in an equilibrium or a non-equilibrium states.
Furthermore, the figure also indicates that OO. This is the same tendency as the
velocity distribution functions for evaporation (degassing) Ne molecules shown in

Fig. 5.21.

(a) ¢ = 0.0053 (b) ¢ = 0.0105 (c) ¢ = 0.0156
1
A x =00 £2A Ax=0.0 08 A x =0.0
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Figure 5.24: Velocity distribution functions for condensation (dissolving) Ne
molecules for ¢ = (a) 0.0053, (b) 0.0105, and (c) 0.0156 in the cases of x = 0
and 1. Solid line represents z directional Maxwellian at 71, = 85 K.

The velocity distribution functions for colliding Ne molecules are already shown
in Fig. 5.4 at the beginning of this “Results and discussion” section. The velocity
distributions of colliding Ne molecules are shown to be independent of the system
state (the value of x), and always follow the Maxwellian in the present MD simula-
tions. Furthermore, fgn, fgnd, and fgf of Ne molecules have the following relation

in the present MD simulations:
rG G G G\ G
coll — ¥c Jeond + (1 — Qg ) ref (59)

G el . . . . G el
Because oy and ag are quite small in all cases of ¢, a contribution of f3 ; to fi,

becomes negligible small, as with the case of f&,  to fG, given by Eq. (5.8). This

evap u

indicates that £, is mainly composed of £, and the deviation of fC_, from the

~

Maxwellian hardly affects the profile of ¢, f&

col

, shown in Fig. 5.4.
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5.3 Results and discussion

5.3.8 KBCs for binary mixture systems in equilibrium and
non-equilibrium states

Finally we discuss the KBCs of vapor and NC gas molecules in the non-equilibrium
state where the net evaporation occurs. As described in Chapter 2, the KBCs for
binary mixtures in the equilibrium state (corresponding to the condition at y = 1.0

in the present MD simulations) have been proposed as follows [33,50]:

\% aX(Tln ¢)pv*(TL7 ¢) + [1 — ac‘:/(TLa ¢)]MV

o (27RVTy,)%?
2 + 2 + 2
X exp (—%) , for & <0, (2.26)
and
G — QS(TL, ¢)pG*(TL7 qb) + [1 _ aCG(TL7 ¢):|ILLG
o (2mRETy)*?

( E+82+¢2
Xexp| ———=5

fi (2.2
SROT, ), or &, < 0. (2.27)

In the following, we consider how the above KBCs change or do not change when
the calculation system is in a non-equilibrium state at x # 1.0.

In Egs. (2.26) and (2.27), the variables that can depend on whether the system

\%4 14

is in equilibrium or non-equilibrium are o, oY, and p" for vapor molecules and

G G
e?ac7

« and pu¢ for NC gas molecules. The other variables in the above KBCs are
not related to the system state, i.e., do not depend on whether the system is in
equilibrium or non-equilibrium.

\%4 G
C’ae7

In the present MD simulations, we confirm that o), « and af are in-
dependent of the value of y, indicating that they are independent of whether the
system is in the equilibrium or the non-equilibrium state, as shown in Fig. 5.6 in
Section 5.3.2 and Fig. 5.18 in Section 5.3.6.

Furthermore, 1", which represents the density of vapor molecules colliding to
the gas—liquid interface from the gas phase, is given by the following equation as

described in Chapter 2:

W = —\/RQV:}L /_ OOO / Z / Zfz V. dgde, de.. (2.22)
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5.4 Conclusion

In the non-equilibrium state, the number of vapor molecules colliding to the interface
from the gas phase becomes different from that in the equilibrium state. This leads
to a change in the value of ;¥ depending on the system state. However, fY in the
above equation contains information on the number of vapor molecules colliding to
the interface. This indicates that there is no need to change the defining equation
of 1V in accordance with the system state. Therefore, for both the equilibrium and
the non-equilibrium states, " of vapor molecules can be given by Eq. (2.22). The
same holds for 4 of NC gas molecules given by Eq. (2.25).

From the above, we confirm that all variables in the KBCs of vapor and NC gas
molecules given by Eqs. (2.26) and (2.27) have the same forms in the equilibrium
and non-equilibrium states. Hence, we conclude that the KBCs of vapor molecules
and NC gas molecules in the non-equilibrium state where the net evaporation of
vapor molecules occurs are given by the same equations as Eqgs. (2.26) and (2.27),

which are proposed for the equilibrium state.

5.4 Conclusion

In this chapter, the evaporation coefficient, the condensation coefficient, and the
velocity distribution functions of vapor molecules and non-condensable (NC) gas
molecules were calculated during steady net evaporation in a binary mixture system
for the discussion on and construction of KBCs. In particular, we proposed the cal-
culation system that can perform net evaporation calculations up to the extreme case

\% G
cs Qg

of non-equilibrium. We observed that o), « and o in any non-equilibrium
state where the net evaporation occurs take almost the constant value as that in the
equilibrium state. As the number density of NC gas molecules in the vicinity of the
gas—liquid interface is irrelevant to the system state in the present MD simulations,
the collision rate of molecules around the interface hardly changes. This indicates
that the probability that the evaporation of vapor molecules is hindered by molecu-
lar collisions does not change between the equilibrium state and the non-equilibrium
state in the binary mixture system. As a result, o) takes almost the same values

\% G

in the two states. For the same reason, o), af, and o also take almost the same
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5.4 Conclusion

values in the equilibrium state and the non-equilibrium state.

Since the variables in the KBCs of vapor and NC gas molecules take the same
values or the same definitions in the equilibrium and non-equilibrium states, we
conclude that the KBCs during net evaporation are given by the same equations
proposed for the equilibrium state.

Vv G
c’ae7

It was also observed that o), and a¢ decrease as the molar fraction of
the NC gas molecules increases. This decrease in ) has been clarified to be caused
by the increase in the probability of collisions with NC gas molecules that prevent
vapor molecules from evaporating. The same mechanism holds for ¥, o, and af.
In particular, the influence of the increase in the molar fraction of NC gas molecules
on the evaporation of vapor molecules is larger around the gas phase in the vicinity
of the gas—liquid interface than around the liquid phase.

Furthermore, the mean velocity of the velocity distribution functions of evapora-
tion vapor molecules and degassing NC gas molecules increase as the molar fraction
increases, whereas the profiles of the velocity distribution functions are 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 weaken-
ing the attractive force acting between evaporation molecules and molecules around
the interface. Thus, we consider that the weakening of the attractive force acting

on evaporation molecules is one of the factors that causes an increase in the mean

velocity of the evaporation molecules.
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Chapter 6

Construction of kinetic boundary
condition at a locally heated liquid
interface in binary mixture system

Preface

In this chapter, we describe the results of MD simulations to construct KBCs for
evaporation of locally heated vapor molecules located around the gas—liquid inter-
face. Localized and instantaneous heating of liquid molecules around the interface
corresponds to the rapid temperature change of an impacting droplet on a heated
wall or of a liquid surface in drying process by the infrared irradiation. We pro-
pose and discuss the KBCs for both the single-component and the binary mixture

systems.

6.1 Introduction

The KBCs, which are discussed in Chapter 5, describe phase changes of vapor and
NC gas molecules at a uniform constant temperature throughout the gas and liquid
phases. However, in some cases, evaporation is caused by local heating of only the
vicinity of the interface in the liquid phases. Examples include an initial stage of
evaporation from the bottom part of the impacting droplet on a high-temperature
wall (details are in Chapter 3), or the drying technique of liquids by local excitation
of molecules at around the gas-liquid interface using infrared (IR) irradiation [42].
The detailed mechanisms of the excitation of liquid molecules by IR irradiation are
omitted here.

The above liquid evaporation is caused by a strong non-equilibrium where a
part of the liquid phase is instantaneously heated. When investigating physical
phenomena involving such evaporation, the MGD analyses, which can treat the
non-equilibrium in the vicinity of the gas—liquid interface, are valid. As mentioned
in the previous chapters, an appropriate KBC that represents liquid evaporation or

condensation must be imposed at the interface to investigate phase change phenom-
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6.2 Method

ena in MGD analyses.
When the system is in a strong non-equilibrium state, the KBC given by Eq. (2.20)
can be deformed as follows [48, 137,155, 156:

B E+¢& &

\ _ pout exp | — _
Mt (2rRV)2BTWT, 2RVT, 2RVT,

) , for & >0, (6.1)

where T; and T, are the temperatures tangential and normal to the interface, respec-
tively. It has been reported that T; # T, = 711, holds under a strong condensation
condition [137,155], whereas Ty = T,, = T, holds during steady evaporation in an
equilibrium or a weak non-equilibrium state [40,48,49,134].

In this study, we conducted MD simulations to construct the KBCs, which are
given in the form of Eq. (6.1), for the evaporation of locally heated vapor molecules.
To this end, it is necessary to identify the following three values: the tangential tem-
perature Ti, the normal temperature 7},, and the vapor density of outgoing molecules
Pout at the position of the KBC immediately after excitation. We calculated those
values and proposed a method for determining the KBCs for the evaporation of

locally heated vapor molecules.

6.2 Method

6.2.1 System conditions and calculation models

The calculation system was composed of vapor molecules and NC gas molecules
(Fig. 6.1). Blue spheres and green spheres in the figure are Ar molecules for the vapor
molecules (6,000 molecules) and Ne molecules for the NC gas molecules, respectively.
The number of Ne molecules Ny, in this study was set to Ny, = 0, 600, 1,200,
1,800, and 3,000. Figure 6.1 shows the calculation system in the case of Ny, = 600.
The dimensions of the calculation system were L, = 7.0 nm, L, = 7.0 nm, and
L, = 35.0 nm. All other conditions and calculation models such as intermolecular
potential functions were the same as those used in Chapters 4 and 5.

To established the equilibrium state of the calculation system at 71, = 85 K as
the initial state of the simulations, the equilibrium simulations were performed for

200 ns in all cases of Ny.. The 10-90 thickness of the density transition layer &
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J Lz Gas phase Liquid phase Gas phase

Figure 6.1: Calculation system composed of vapor (Ar) molecules and NC gas (Ne)
molecules. The number of Ne molecules Nye is Nye = 600.

increases with the increase in Ny., and the molar fraction ¢ was used for organizing
the influence of the NC gas molecules also in this chapter. The molar fraction ¢ of
Ne molecules derived from Eq. (5.3) and § derived from Eq. (4.6) in the current MD

simulations are summarized in Tab. 6.1.

Table 6.1: ¢ and § for each case of Nye.

Nye 1) d [nm]

0 0 0.67
600 0.005 0.68
1,200 0.011  0.71
1,800 0.016  0.73
3,000 0.024 0.77

The mass fluxes of molecules were calculated by counting the number of molecules
passing through an arbitrary boundary per unit area and per unit time, given by
Eq. (5.1) in Chapter 5. When setting a boundary, the normalized z coordinate
zZ = (2 — Zu)/0 was used, where Z,,, was the z position of the center of the density
transition layer. As with the cases of Chapters 4 and 5, the gas boundary for cal-
culating the mass fluxes was set at the position where the KBC is widely applied:

Z =3.0 [28].

6.2.2 Excitation of interfacial liquid molecules

To reproduce the instantaneous increase in the temperature of molecules located
around the interface, it is necessary to intentionally raise their temperature in
MD simulations. Thus, we applied the velocity scaling method, which is given

by Eq. (2.17), to those molecules. When applying the velocity scaling method to
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6.2 Method

molecules, we need to determine the target temperature and the thickness of the
region to which that method would be applied.

At first, we named the instantaneous temperature increase as excitation. In
addition, the target temperature in the velocity scaling method for reproducing
excitation was defined as the excitation temperature T.,. in the present MD study.
Toxe was set to To. = 95, 100, 105, 115, 130, 145, and 200 K, while the bulk liquid
temperature was 11, = 85 K. Since the critical temperature of Ar molecules in MD
simulations is at T, = 154.5 K [122], Tix. = 200 K is the case where a fairly high
excitation temperature is assumed.

Furthermore, we performed simulations for two types of the thickness of the
excited regions. Figure 6.2 shows the schematics of the excited regions in the current
MD simulations. One was the sum of the 10-90 thickness ¢ and the diameter of Ar
molecules o, (Fig. 6.2(a)); the other was the 10-90 thickness ¢ (Fig. 6.2(b)). In the
former case where the excited region was 0 + oa,, the excited region was extended

from the 10-90 thickness § to the liquid phase side by o4, as shown in Fig. 6.2(a).

(a) Excited region Gas boundary (b) Excited region Gas boundary

1500 1500

E 1000 E 1000
80 6+0' Ar 0
= =

Q 500 Q 500

0 0

-4 -2 0 2 4 -4 -2 0 2 4
z z

Figure 6.2: Schematics of excited regions around the gas-liquid interface; (a) 0 +oa,
and (b) 0. Open squares represent edges of 10-90 thickness of density transition
layer. Gas boundary for calculating mass fluxes is set at z = 3.0.

In the present MD simulations, the time when a simulation started was set at
t = 0 ps, and Ar molecules located in the excited region were excited at ¢ = 50 ps.
Figures 6.3 and 6.4 show snapshots of simulations at the excitation temperature
Towe = 145 K with the excited region 0 + o4, in the cases of Ny, = 0 and 600,

respectively. The blue molecules represent Ar molecules that are not excited, and
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6.2 Method

the green molecules in Fig. 6.4 represent Ne molecules. The red molecules represent
the excited molecules, whose velocities were increased by the velocity scaling method
given by Eq. (2.17) at ¢t = 50 ps. The figures illustrate that the excited molecules
interact with other molecules and move toward the gas phase, i.e., evaporation
occurs owing to excitation. Note that, excitation was applied to only the vapor (Ar)
molecules; and thus, NC gas (Ne) molecules in the excited region were not excited,

as shown at t = 50 ps in Fig. 6.4.

< 50, ps it :3.55 pS b= G'Q'PS
-:- ‘ . 0', s .o | oo .
.o.. * "0 . . ° ’$.0.o °
o * el e '.: o':.'; * 0’0' .:.o :':

P e & 3 .
T 3
e Excited molecules

Figure 6.3: Snapshots of MD simulations at excitation temperature Ty = 145 K
in the cases of Ny. = 0. Blue molecules are vapor (and liquid) molecules. Excited
region is § + oa,, and red molecules denote excited molecules.

Figure 6.4: Snapshots of MD simulations at excitation temperature T,,. = 145 K in
the cases of Nxe = 600. Blue molecules are vapor (and liquid) molecules and green
molecules are NC gas molecules. Excited region is  + o4,, and red molecules denote
excited molecules.

In all cases of T,y and the excited regions, the simulations were performed using
2,000 different initial conditions obtained by the equilibrium simulations for each

Nye. The results shown in the “Results and discussion” section are the averaged
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6.3 Results and discussion

results of the 2,000 simulations.
The conditions for the simulations in the present MD study are summarized in

Tab. 6.2.

Table 6.2: Simulation conditions for this MD study.

Liquid and vapor molecules Argon (6,000 molecules)
NC gas molecules Neon
Number of Ne molecules Ny, 0, 600, 1,200, 1,800, and 3,000
System and liquid temperatures 7, 85 K
Excitation temperature Ty, 95, 100, 105, 115, 130, 145, and 200 K
Thickness of excitation region 0+ oar and 0
Dimensions of system L, x L, X L, 7.0 x 7.0 x 35.0 nm
Boundary condition in all directions Periodic boundary condition

6.3 Results and discussion

In this section, we firstly describe the results of MD simulations in the single-
component system in the cases of the excitation temperature T.,. = 100, 115, 130,
and 145 K as representative. The results in the two cases of the excitation region
0 + oar and 0 are compared in each case of the above excitation temperature T,
and we propose the KBC in the single-component system. Subsequently, we discuss
the influence of NC gas molecules on the evaporation of excitation molecules, and

propose the KBC in the binary mixture system.

6.3.1 Net evaporation mass flux

Figure 6.5 shows time evolutions of JY. in the two cases of the excited region at

the excitation temperature T.,. = 110, 115, 130 and 145 K. In the present MD

study, vapor (Ar) molecules located in the excited region were excited 50 ps after

the simulation was started. Thus, JY,

. in the figure is indicted from ¢t = 50 ps.

The dashed line in the figure represents JY*, which is the outgoing mass fluxes of
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6.3 Results and discussion

vapor molecules in the equilibrium state, and JY,, remained JY* for ¢t < 50 ps before

excitation.

(a) To = 100 K (b) Toe = 115 K
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Figure 6.5: Time evolutions of Jg{lt in two cases of excited region for Ty = (a) 100,
(b) 115, (c) 130, and (d) 145 K. Dashed line represents JY . = JV*

out = “out-

Vi

The figure illustrates that J_, . after excitation in all

.t becomes larger than J

o
cases of T,y.. This indicates that the number of evaporation Ar molecules increases
from that in the equilibrium state due to excitation of interfacial vapor molecules.
Furthermore, Jé{lt increases as the excitation temperature 7.,. becomes higher or
the excited region becomes thicker. This is a result of the higher temperature of
molecules at around the interface or the larger number of molecules that were excited
to the high temperature causing more evaporation.

Figure 6.5 also indicates that the time when JY. reaches its peak is a little

after ¢ = 50 ps. This is because it takes some time for Ar molecules to reach and

pass through the gas boundary after they are excited. Let vy, = V2RV Ty be the
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6.3 Results and discussion

most probable speed of excited Ar molecules. In this case, the times for those Ar
molecules to reach the gas boundary from the center of the excited region, whose
thickness is 0 + oa,, are 10.68, 9.96, 8.87, and 7.56 ps at T, = 110, 115, 130 and
145 K, respectively. When the thickness of the excited region is ¢, the times are
9.85, 9.19, 8.18, and 6.97 ps for each T,... As shown in Fig. 6.5, these times are in

JV . shows its peak.

good agreement with the times when J,

JV,, in the two cases of the excited region

at Toee = 110, 115, 130 and 145 K. JY, in the figure is indicted from ¢ = 50 ps

co

Figure 6.6 shows time evolutions of

when the interfacial molecules were excited. The dashed line in the figure represents

JV*

i, which is the colliding mass fluxes of Ar molecules in the equilibrium state. The

figure illustrates that JY, remains the constant value as JY; = JY* in all cases of

T and the excited regions.
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(b) T = 115 K
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Figure 6.6: Time evolutions of JX)H in two cases of excited region for T, = (a) 100,
(b) 115, (c) 130, and (d) 145 K. Dashed line represents JY, =



6.3 Results and discussion

Since excitation was applied to Ar molecules located in the excited region, Ar
molecules in the gas phase were not directly affected by excitation. Even in such
a situation, there was a possibility that the number of colliding Ar molecules from
the gas phase would decrease owing to collisions with evaporation molecules passing
through the gas boundary, whose number was increased by excitation. However, the
figure confirms that JY, maintains JY, = JV¥ after excitation, and thus, we con-
clude that excited Ar molecules do not interact with colliding Ar molecules from the
gas phase. Because JV* = JV* and JV* = pV*\/m hold in the equilibrium

state, JV5 = pV*\/RVTy, /27 can be derived. From the above, JY after excitation

can be represented as

RVT;,
Jcoll o .

Furthermore, the net evaporation mass flux m can be calculated from the differ-

(6.2)

ence between JY . and JY ., as follows:

v
m = Jout ‘]coll

(6.3)

In the case of the equilibrium state, JY, = JY, holds and it results rn = 0. In
contrast, in the case of net evaporation, JY, > J¥ holds and 7 takes the positive
value. Figure 6.7 shows the time evolutions of m in the two cases of the excited
region. Because JX)H remains Jcoll even after excitation in all cases of T,,. and the
excited regions, the profiles of 7 in the figure are quite similar to JY ..

The figure illustrates that 7 increases due to excitation, and its peak becomes
higher as T¢.,. becomes higher or the excited region becomes thicker. Because larger
value of m indicates the larger amount of net evaporation, the figure confirms that
excitation with higher T.,. or the thicker excited region causes the more intensive
evaporation of Ar molecules. In addition, the case where 7 > 0 indicates that net
evaporation occurs. Thus, the figure also confirms that net evaporation continues
after ¢ > 100 ps.

Although there is a difference in the evaporation amount in the cases of the two
excited regions,  + o, and d, there is no significant difference in the evaporation

tendency. Therefore, we show and discuss the results only in the case of the excited

region 0 + o4, in the following subsections.

137



6.3 Results and discussion
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Figure 6.7: Time evolutions of net evaporation mass flux m in two cases of excited
region for T, = (a) 100, (b) 115, (c¢) 130, and (d) 145 K.

6.3.2 Tangential and normal temperatures

The tangential temperature 7; and the normal temperature T}, of molecules at the
position of the KBC could be calculated from velocities of molecules that passed

through the gas boundary using the following equations:

1 1 1 02402

kT, = — S — 6.4

2" TN, £ 2Ty (6-4)

1 1 1

§kBTn = F §mvz, (65)
p

P

where N, is the number of molecules passing through the gas boundary.
Figure 6.8 shows time evolutions of T; and T}, at the KBC for each excitation
temperature Ty, with the excited region d + oa,. The temperatures were calculated

from Eqgs. (6.4) and (6.5) by substituting velocities of molecules passing through
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6.3 Results and discussion

the gas boundary within each time step. Since the system temperature was set at
T1, = 85 K, the tangential and normal temperatures take Ty = T, = 85 K at around
t < 52 ps, when the excited molecules had not yet reached the gas boundary.

(a) To = 100 K (b) Toe = 115 K
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Figure 6.8: Time evolutions of tangential temperature 7; and normal temperature
T, at the position of KBC for excitation temperature at Ty = (a) 100, (b) 115, (c)
130, and (d) 145 K.

The figure illustrates that 7T}, shows the peak and is greater than 71, for 52 ps <
t <60 ps in all cases of T,,.. Furthermore, the maximum value of T}, increases with
the increase in T,.. In contrast, the increase in T} from 7}, due to excitation is
small. Although T; shows a small peak in the cases of T, = 130 and 145 K, T}
remains approximately 7, = 85 K in the cases of T, = 100 and 115 K.

For the construction of the KBC immediately after excitation using Eq. (6.1), T}
and T, must be constants that include the pulsating changes in the temperatures.
Thus, we took the time averages of T; and T;, for 52 ps <t < 60 ps in each case of
Toxe. Averaged T; and T, for the KBC are discussed in Section 6.3.4.
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6.3 Results and discussion

As shown in Fig. 6.8, molecules passing through the gas boundary immediately
after excitation have a higher temperature in the normal direction (i.e., the z direc-
tion) than in the tangential direction. Since this difference represents the anisotropy
of the velocity distributions of molecules at the KBC, we show the velocity distri-

bution functions in the next subsection.

6.3.3 Velocity distributions of vapor molecules at KBC

Figure 6.9 shows the z directional velocity distribution function fm of Ar molecules
in each case of Ty. In the present MD simulations, fx is obtained from the z
directional velocity of Ar molecules that passed through the gas boundary to the
gas phase within 52 ps < ¢t < 60 ps, and is normalized by the number of those
molecules. The abscissa (, represents the molecular velocity normalized by the most
probable speed of the Maxwellian: (, = &,/v/2RV1y,. The dashed line represents
the normalized Maxwellian f* = (y/7) ' exp (—¢2) at T, = 85 K. In addition, the
solid line represent the Maxwellian at the averaged T} for 52 ps <t < 60 ps, given

by
5 11, i
Ty gk 22k 6.6

The averaged T; are Ty = 86.4, 89.7, 94.1, and 100.2 K in the cases of Ty, = 100,
115, 130, and 145 K, respectively. The averaged T} increases as Ty increases.
Figure 6.9 illustrates that the velocity distributions are in good agreement with the
Maxwellian at Ti, which is given by Eq. (6.6), in all cases of T.y.. Especially, the
figure confirms that the velocity distribution of outgoing vapor molecules in the low
T« case follows the Maxwellian at T, = 85 K because the averaged T} in that case
is nearly equal to 71,

Although the velocity distribution functions in only the x direction are shown
above as representative of the tangential direction, we have confirmed that those in
the y direction show the same tendency as in x direction. We next show the velocity
distribution in the normal direction.

Figure 6.10 shows the z directional velocity distribution function (, fz of Ar

molecules in each case of T,,.. In the present MD simulations, fz is obtained from
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Figure 6.9: Normalized velocity distributions in x direction for outgoing vapor
molecules at gas boundary in the cases of To = (a) 100, (b) 115, (c¢) 130, and
(d) 145 K. Dashed line represents Maxwellian at 71, = 85 K, and solid line repre-
sents Maxwellian at Ti: T, = (a) 86.4, (b) 89.7, (c) 94.1, and (d) 100.2 K.

the z directional velocity of Ar molecules that passed through the gas boundary to
the gas phase within 52 ps < ¢ < 60 ps, and is normalized by the number of those
molecules. The abscissa (, represents the molecular velocity normalized by the most
probable speed of the Maxwellian: ¢, = &,/v/2RVT;,. The dashed line represents
the normalized Maxwellian fj = 2(, exp (—¢?) at T1, = 85 K. In addition, the solid
line represent the Maxwellian at the averaged T}, for 52 ps <t < 60 ps, given by

T T
= 2czfexp (— TL) .

The averaged T, are T, = 93.7, 105.3, 122.1, and 141.1 K in the cases of Ty, = 100,

(6.7)

115, 130, and 145 K, respectively. The averaged T}, shows the similar value as Tyy;
furthermore, the averaged T;, is larger than the averaged T} in all cases of Ty, as

can be observed in Fig. 6.8.
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Figure 6.10: Normalized velocity distributions in z direction for outgoing vapor
molecules at gas boundary in the cases of T = (a) 100, (b) 115, (c¢) 130, and (d)
145 K. Dashed line represents Maxwellian at 7}, = 85 K, and solid line represents
Maxwellian at 7,,: T, = (a) 93.7, (b) 105.3, (c) 122.1, and (d) 141.1 K.

Figure 6.10 illustrates that the velocity distributions are in reasonable agreement
with the Maxwellian at Ty, which is given by Eq. (6.7), in the cases of T,y = 100
and 115 K. As Ty, increases, the velocity distribution in the range ¢, > 1.0 becomes
larger than the Maxwellian at 7},, and in the range (, < 1.0, it becomes much lower
than the Maxwellian at T;,. Thus, the deviation of the velocity distributions from the
Maxwellian at T}, becomes larger as T.,. increases, and there is no good agreement
between them in higher T.,. cases.

In a previous MD study, it has been reported that the normal directional velocity
distribution function of molecules of ultra-thin liquid film which are instantaneously
heated and vaporized by a high-temperature wall fits well to the Maxwellian [106].

From the results shown in Fig. 6.10, we conclude that the agreements between the
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velocity distribution and the Maxwellian were observed also in the present MD

simulations, except for the high T, cases.

6.3.4 Excitation temperature dependence of KBC of vapor
molecules

In this subsection, we construct and propose the KBC immediately after excitation,
which is given by Eq. (6.1) using T}, T, and pY .. We calculated T; and T}, from the
time averages for 52 ps <t < 60 ps in all cases of Tii.. In 52 ps <t < 60 ps, which
represents the period after the molecules located in the excited region were excited,
the peaks of T; and T, are observed in Fig. 6.8. Thus, those averaged temperatures
include the effect of the temperature changes due to excitation, as described in
Section 6.3.2.

Furthermore, p¥ , has the following relationship with JY.:

0 00 o0 RVTH
Bo== [ [ et asagae = oty (69

From the above equation, we get

Jou
Pont = — o (6.9)

VRVT, /21

By substituting the time average of JY. within 52 ps < ¢t < 60 ps into Eq. (6.9),
pY . can be obtained; thus, we calculated p¥, in all cases of T,y using the above
equation.

Figure 6.11(a) shows T} and Ty, in each case of Tiy.. The solid line and the dashed
line represent T' = T, and T' = T}, = 85 K, respectively. As shown in the figure and
as mentioned in Section 6.3.3, T,, and T} increase as T, increases. Furthermore, T},
has almost the same value as T, and thus, we conclude that T, ~ T, holds under
the conditions in the present MD simulations.

The figure also illustrates that the increase in 7; with the increase of T.. is
slower than that of T;,. T; takes higher value than the initial liquid temperature T,

in the case of high excitation temperature. However, in the case of low excitation

temperature approximately in the range T.,. < 100 K, T} takes almost the same
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Figure 6.11: (a) T}, T, and (b) pY . in each case of Tyy. Solid line and dashed line
in (a) represent 7' = T and T = T}, = 85 K, respectively. Dashed line in (b)
represents saturated vapor density p¥* at Ty, = 85 K.

value as T1,. From the above, we conclude that T; ~ 711, holds only in the case of
low excitation temperature.

Figure 6.11(b) shows pY, in each case of Ty.. The dashed line represents the
saturated vapor density p"* at Ty, = 85 K. The figure illustrates that pY . increases
as T,y increases. However, we can assume that p(‘)/ut ~ p"* holds in the low T,y
cases.

From the above, we now obtain the all three values: the tangential temperature
T;, the normal temperature Ty, and p., of molecules passing through the KBC
immediately after excitation. By substituting T}, &~ Ty into Eq. (6.1), the following
form of the KBC can be derived:

v Pl G-

ot (27TRV)3/211t \% TeXt . N ZRVﬂ - 2RVT€XC

As shown in Fig. 6.11, T; and pY . are given as functions of T,,; in the above equation.

) , for &, > 0. (6.10)

From the above, we conclude that the KBC in the single-component system could
be constructed using Eq. (6.1) and obtained the three values: Ti, Ty, and poys.

We next discuss the net evaporation mass flux m immediately after excitation.
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Substituting Egs. (6.2) and (6.8) into Eq. (6.3), 2 is derived as

m=J —

out Coll

R T. . [R'T;
= Pl P (6.11)

In the case of the low excitation temperature, T}, & Toy and pY . &~ p¥* are valid as

shown in Fig. 6.11. Thus, substituting those into Eq. (6.11),  can be rewritten as

RVTEXC RVTy,
21

m = ,OV
m
RV T
Vx L exc
= —1]. 6.12
p 5 (\/ D ) (6.12)

From the above equation, we can easily estimate rn immediately after excitation in

the single-component system.

6.3.5 Influence of NC gas molecules on mass fluxes of vapor
molecules after excitation

In the previous subsections, we focused on and described the KBC for evaporation of
vapor (Ar) molecules immediately after excitation in the single-component system.
From this subsection, we discuss influences of the NC gas (Ne) molecules on excita-
tion of Ar molecules. The influences of Ne molecules are evaluated using the molar
fraction ¢ of Ne molecules in the liquid phase, as described in the “Method” section.
Especially, the changes in Ti, Ty, pout, and the velocity distribution functions at
the position of the KBC with the increase in ¢ are investigated in the following
subsections for the construction of the KBC immediately after excitation in the bi-
nary mixture system. In the following, results for the two cases of the excitation
temperatures T,y = 115 and 145 K with the excited region § + o4, are given as a
representative.

Figure 6.12 shows time evolutions of JY . in each case of ¢ at the excitation
temperatures T.,. = 115 and 145 K. The dashed lines in the figure are J % in
each case of ¢, which represent the outgoing mass fluxes of vapor molecules in the
equilibrium state. As reported in a previous study [33], JV¥ (= JY#) increases as ¢

out C

increases.
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Figure 6.12: Time evolutions of JY, in each case of ¢ at T, = (a) 115 and (b)

ou

145 K. Dashed line represents J", = J'* that depends on the value of ¢.

out out

The figure illustrates that .JV,

V. becomes larger than J'* after excitation in all

u

cases of ¢. This indicates that the number of evaporation Ar molecules increases
from that in the equilibrium state due to excitation even in the binary mixture

systems with ¢ # 0. Furthermore, the tendency that JY . increases as Ty, becomes

higher is also observed in the binary mixture systems.

Since JY* is larger when ¢ is larger, conditions in which JY, takes a maximum

value vary depending on the balance between T, and ¢. As shown in Fig. 6.12,
o

o at Ty = 115 K takes the maximum value for ¢ = 0.024, whereas JY . at

u
Toxe = 145 K takes it value for ¢ = 0. Note that, to correctly evaluate the change in
the evaporation amount, it is necessary to calculate the net evaporation mass flux
m, which is given by Eq. (6.3). Because r is defined as the difference between JY
and JY, we next show JY .

Figure 6.13 shows time evolutions of JY in each case of ¢ at the excitation
temperatures T, = 115 and 145 K. The dashed lines in the figure are Jéﬁ‘l in
each case of ¢, which represent the mass fluxes of colliding vapor molecules in
the equilibrium state. The figure illustrates that JY, becomes larger than JV*

co coll

when ¢ is larger. In particular, the increase in JY is remarkable for ¢ = 0.024
at Toxe = 145 K. We consider that the increase in JY, is caused by the increase
in the number of colliding Ar molecules to the interface due to collisions between
evaporation Ar molecules and Ne molecules occurring in the gas phase.

Figure 6.14 shows the time evolutions of m in each case of ¢ at the excitation
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Figure 6.13: Time evolutions of JY in each case of ¢ at T.,. = (a) 115 and (b)

Cco

145 K. Dashed line represents JV = JV* that depends on the value of ¢.
temperatures T.,. = 115 and 145 K. The figure illustrates that m decreases as ¢
increases in both cases of the excitation temperatures at Ty, = 115 and 145 K. This
result indicates that the net evaporation mass flux of Ar molecules after excitation

decreases due to a large number of NC gas molecules in the system.
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Figure 6.14: Time evolutions of net evaporation mass flux m in each case of ¢ at
Texe = (a) 115 and (b) 145 K.

As mentioned in Section 6.3.4,  immediately after excitation can easily be esti-
mated by Eq. (6.12) in the single-component system. The results in this subsection
confirm that the presence of NC gas (Ne) molecules affects the mass fluxes of evap-
oration Ar molecules after excitation. Thus, the validity of Eq. (6.12) is uncertain

in the binary mixture systems.
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6.3.6 Influence of NC gas molecules on tangential and nor-
mal temperatures of vapor molecules

Figures 6.15 and 6.16 show time evolutions of T; and T;, of Ar molecules at the KBC
for each ¢ in the cases of T,y = 115 and 145 K, respectively. The figures illustrate
that the maximum values of T} and T}, decrease as ¢ increases. This indicates that
the velocities in all direction of Ar molecules passing through the gas boundary

become slower as the number of Ne molecules Ny, in the system increases.

(a) ¢ = (b) ¢ = 0.011 (c) ¢ = 0.024
300 300 300
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Figure 6.15: Time evolutions of tangential temperature 7; and normal temperature
T, of Ar molecules at KBC with Ty = 115 K for ¢ = (a) 0, (b) 0.011, and (c) 0.024.
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Figure 6.16: Time evolutions of tangential temperature 7; and normal temperature
T, of Ar molecules at KBC with Tiy. = 145 K for ¢ = (a) 0, (b) 0.011, and (c) 0.024.

It has been reported in previous studies [33,36] and Chapter 5 that the evapora-
tion of vapor molecules is easily hindered by collisions with NC gas molecules with
the increase in ¢. Thus, the decreases in T; and 7y shown in Figs. 6.15 and 6.16

should be caused by collisions between Ne molecules and excited Ar molecules that
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occur before Ar molecules reach the gas boundary.

Figure 6.17 shows time evolutions of T; and T, of Ne molecules at the KBC
for ¢ = 0.005 and 0.024 at the excitation temperature T,; = 145 K. Although Ne
molecules are not excited in the present MD simulations, the figure illustrates that T}
and T}, of them increase after excitation of Ar molecules at ¢ = 50 ps. This indicates
that the velocities of Ne molecules are increased by the intermolecular interaction,
i.e.;, molecular collisions with excited Ar molecules, whereas those of excited Ar
molecules are decrease due to the collisions with Ne molecules. We conclude that
the above is the reason that 7; and T, of Ar molecules decreases with the increase

in ¢, as shown in Figs. 6.15 and 6.16.

(a) ¢ = 0.005 (b) ¢ = 0.024
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Figure 6.17: Time evolutions of tangential temperature 7; and normal temperature
T, of Ne molecules at KBC with T¢y. = 145 K for ¢ = (a) 0.005 and (b) 0.024.

To summarize the relationship between Ti, T,, and ¢, we next calculate the
time averages of Ty and T}, for 52 ps < t < 60 ps of Ar molecules in each case
of ¢. Figure 6.18 shows averaged T; and T, in each case of ¢ at the excitation
temperature T, = 115 and 145 K. The abscissa represents ¢ and the ordinate
represents each temperature. The solid line represents T' = T, and dashed line
represents T' = T1, = 85 K.

The figure illustrates that the averaged T; and T, decrease as ¢ increases in both
cases of Ti... In particular, the decrease in T}, is more remarkable than the decrease
in T;. Although the assumption T, ~ T, is valid in the single-component system

with ¢ = 0, as mentioned in Section 6.3.4, the figure confirms that this assumption is
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Figure 6.18: Averaged T; and T}, for 52 ps < t < 60 ps in each case of ¢ at Tee =
(a) 115 and (b) 145 K. Solid line represent 7' = Ty and dashed line represents
T=1T,=85K.

not valid in the binary mixture system with ¢ # 0. Since excited molecules undergo
relaxation due to intermolecular collisions before they reach the gas boundary, the
averaged T; and T, would converge to the initial system temperature 71, = 85 K
with the increase in ¢.

When the calculation system is the single-component system with ¢ = 0, the
averaged T, takes a value close to T, and the velocity distribution function in
the normal direction largely deviates from the Maxwellian at T3, as already shown
in Fig. 6.10. In the multi-component system with ¢ # 0, the collisions with Ne
molecules decrease T},, and thus, the z directional velocity distribution of Ar molecule
can be expected to approach Maxwellian due to relaxation of them.

Figure 6.19 shows the z directional velocity distribution functions (. fz of Ar
molecules for each ¢ in the cases of T, = 145 K. fz is obtained from the z
directional velocity of Ar molecules that passed through the gas boundary to the
gas phase within 52 ps < t < 60 ps, and is normalized by the number of those
molecules. The dashed line represents the Maxwellian at 71, = 85 K given by
fz* = 2(, exp (—(?), whereas the solid line represents the Maxwellian at T, given by
Eq. (6.7).

The averaged T, are T, = 141.1, 134.3, 127.9, and 111.8 K in the cases of ¢ = 0,
0.005, 0.011, and 0.024, respectively. The figure illustrates that the z directional ve-

locity distribution of Ar molecules approaches the Maxwellian at T;, with the increase
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Figure 6.19: Velocity distributions in z direction for outgoing Ar molecules at KBC
with Texe = 145 K for ¢ = (a) 0, (b) 0.005, (c) 0.011, and (d) 0.024. Dashed line
represents Maxwellian at Ty, = 85 K, and solid line represents Maxwellian at T:

T, = (a) 141.1, (b) 134.3, (c) 127.9, and (d) 111.8 K.
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in ¢. This is because the collisions with Ne molecules bring the velocity distribution
of Ar molecules closer to that in the equilibrium state, i.e., the Maxwellian at T;,.

In addition, Fig. 6.20 shows the z directional velocity distribution functions
fx of Ar molecules for each ¢ in the cases of T.,. = 145 K. fx is obtained from
the = directional velocity of Ar molecules that passed through the gas boundary
to the gas phase within 52 ps < t < 60 ps, and is normalized by the number of
those molecules. The dashed line represents the Maxwellian at 7, = 85 K given by
f5 = (/7) " exp (—(2), whereas the solid line represents the Maxwellian at T} given
by Eq. (6.6).
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Figure 6.20: Velocity distributions in = direction for outgoing Ar molecules at KBC
with Texe = 145 K for ¢ = (a) 0, (b) 0.005, (c) 0.011, and (d) 0.024. Dashed line
represents Maxwellian at 71, = 85 K, and solid line represents Maxwellian at 7;:

T, = (a) 100.3, (b) 97.9, (c) 95.7, and (d) 90.3 K.

The averaged T; are Ty = 100.3, 97.9, 95.7, and 90.3 K in the cases of ¢ = 0,
0.005, 0.011, and 0.024, respectively. The velocity distribution in the tangential
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direction is consistent with the Maxwellian in the single-component system with
¢ = 0 in the first place (as shown in Fig. 6.9), and Fig. 6.20 confirms that this

tendency does not change with the presence of Ne molecules.

6.3.7 KBC of vapor molecules after excitation in binary
mixtures

We finally propose the KBC of vapor molecules immediately after excitation in the
binary mixture system. In the single-component system with ¢ = 0, T}, & Ty iS
valid and the KBC is given by Eq. (6.10), as described in Section 6.3.4. However, it
becomes T}, # Tey in the binary mixture system, as shown in Fig. 6.18. Thus, the
KBC in the binary mixture system must be different from Eq. (6.10).

Since the KBC is given by the form in Eq. (6.1) even in the binary mixture
systems, the three values, T;, Ty, and pY., must be obtained. The averaged T; and
T, are calculated in the previous subsection. In addition, as with the case in the
single-component system, we calculated pY . in each case of ¢ by substituting the
time average of JY, within 52 ps < ¢ < 60 ps into Eq. (6.9).

Figure 6.21 shows averaged T;, T,, and pY,. in each case of ¢ at the excita-
tion temperatures T = 115 and 145 K. The solid line and the dashed line in
Figs. 6.21(a) and 6.21(b) represent T' = Ty and T = T}, = 85 K, respectively. The
figures illustrate that T and 7T, increase as T, increases, while T; and T}, decrease
as ¢ increases. Furthermore, Fig. 6.21(c) illustrates that pY . increase as Ty or ¢
increases.

Since Fig. 6.21 indicates that Ti, T,, and p(‘)/ut are functions of T, and ¢, the
KBC in the binary mixture system, based on Eq. (6.1), can be derived as

v _ p(‘ﬁlt(Texta(é)
out (QWRV)g/Zﬂ(Texta (ZS) Tn (7;)('57 ¢)
&+é& &
_ - : for & > 0. (6.1
Xexp( SRVT (T ) 2R To(To ))& 7 0 (019)

We conclude that the above equation is the KBC of vapor molecules immediately

after excitation in the binary mixture system.
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Figure 6.21: (a) T}, (b) Ty, and (c) pY,, in each case of ¢ at T, = 115 and 145 K.
Solid line and dashed line in (a) and (b) represent 7' = Ty and T = Ty, = 85 K,

respectively.

6.4 Conclusion

In the present MD simulations, we conducted MD simulations of the evaporation of
locally heated Ar liquid to construct the KBC of vapor molecules in both the single-
component system and the binary mixture system. In the single-component system,
we found that the velocity distribution of the KBC becomes anisotropic, which
means that the tangential temperature 7T; and normal temperature T, of outgoing
molecules from the liquid phase to the gas phase take different values when the gas—

liquid interface is instantaneously heated. The normal temperature T, agrees with
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the excited temperature Ty, and the tangential temperature T; is almost the same
as the initial temperature 71, in the case where the difference between T and T,
is small.

In the binary mixture system, the anisotopy of the velocity distribution weakens
as the molar fraction ¢ of NC gas molecules, corresponding to the number of NC
gas molecules in the system, increases. However, T; and T, of outgoing molecules
take different values even in the binary mixtures. In addition, T; and T, decrease as
¢ increases, and this breaks the agreement between 7}, and T, seen in the single-
component system.

From this study, we could demonstrate the non-equilibrium nature of the evap-
oration phenomenon induced by an instantaneous increase in the temperature of
molecules located at an interface. As a result, boundary conditions for the Boltz-
mann equation in MGD analyses for this problem in the single-component and binary
mixture systems were proposed. By using the proposed boundary conditions, the
evaporation rate of the instantaneously excited interfaces can be obtained by MGD
analyses using the Boltzmann equation.

As a future work, we will conduct the evaporation with polyatomic molecules
[157], e.g., water molecules, to simulate the actual drying phenomenon in reality.
In addition, the evaporation in a multi-component system composed of polyatomic

molecules is also one of the important topics for future research.
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Chapter 7

Conclusions

Non-equilibrium evaporation phenomena under several conditions were investigated
using MD simulations in this thesis. Firstly, the mechanism of the occurrence of the
Leidenfrost effect, which is the levitation phenomenon of the impacting droplet on
the heated wall, was investigated. Consequently, kinetic boundary conditions which
represent the non-equilibrium evaporation of vapor molecules in vapor—gas binary
mixture systems were investigated. The obtained results and relations between each
chapter are summarized as follows:

In Chapter 3, the mechanism of the Leidenfrost effect was investigated using
MD simulations. The elucidated mechanism is as follows: i) At the bottom of the
droplet after impacting on the heated wall, intensive evaporation from the TPCL
region occurred due to the temperature increase in the vicinity of the heated wall;
ii) this intensive evaporation from the TPCL region induced the internal flow and a
high upward velocity at the edge of the droplet was also induced; iii) consequently,
the impacting droplet on the heated wall levitated from its edge part owing to the
resulted high upward velocity. We conclude the above is the series of the mechanism
of the occurrence of the Leidenfrost effect found in our MD simulations.

Although we elucidated the mechanism of the Leidenfrost effect using MD simu-
lations as above, MD simulations enable to investigate only nano- to submicro-scale
systems due to their high computational load. To conduct numerical analyses of
the mechanism of the Leidenfrost effect for realistic droplet scales seen in indus-
trial settings, fluid dynamics analyses can be valid. Unlike MD simulations, the
boundary condition that represents the evaporation of liquids must be imposed at
gas—liquid interface when investigating physical phenomena involving liquid evapo-
ration in fluid dynamics analyses. The results obtained in Chapter 3 highlights the
importance of evaporation from the vicinity of the interface in the occurrence of the
levitation of the entire droplet. Thus, we consider that imposing the boundary con-
dition that accurately represents liquid evaporation is significantly important when
conducting fluid dynamics analyses for physical phenomena involving evaporation

such as the Leidenfrost effect.

156



CHAPTER 7. CONCLUSIONS

Most evaporation phenomena seen in industrial settings, including the droplet
impact on the heated wall in spray cooling, are the strong non-equilibrium evapora-
tion of liquids occurring in multi-component mixtures (e.g., water and air). However,
the boundary condition for fluid dynamics that represents the non-equilibrium evap-
oration of liquids with considering the effect of gaseous components does not exist at
present. Molecular gas dynamics (MGD) analyses with imposing kinetic boundary
conditions (KBCs) enable to derive physically proper boundary conditions for fluid
dynamics. Thus, the investigations of KBCs which represent the non-equilibrium
evaporation of vapor molecules in vapor—gas binary mixture systems were conducted
in Chapters 4, 5, and 6.

When constructing KBCs, molecules must be classified into evaporation, con-
densation, and reflection molecules. Molecules have widely been classified based on
the balance between their reaching position around the interface and the positions
of the gas and liquid boundaries. Since the position of the liquid boundary is not de-
termined uniquely, the validity of the position of the liquid boundary set in previous
studies was discussed using MD simulations in Chapter 4. The time that a molecule
stays at around the interface (the staying time) was investigated, and the validity
of the position of the liquid boundary was examined in terms of the combination of
the staying time and reaching position of molecules. In particular, molecules with
fairly short staying time should be classified as reflection molecules because they do
not interact with liquid-phase molecules for relaxation for a sufficient time. As a
result of the MD simulations, the liquid boundary set at the same position as in
previous studies classified most of the molecules with the short staying time as re-
flection molecules. Furthermore, the similar results were obtained in both the vapor
single-component system and the vapor—gas binary mixture systems. Therefore, we
concluded that the liquid boundary set in the previous studies yielded a reasonable
classification of molecules for the construction of KBCs.

In Chapter 5, MD simulations were performed to investigate KBCs for non-
equilibrium evaporation of vapor molecules in vapor—gas binary mixtures with set-
ting the liquid boundary at the position where its validity was confirmed by the

results shown in Chapter 4. In particular, we proposed the calculation system that
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can perform net evaporation calculations up to the extreme case of non-equilibrium.
The variables that are included in KBCs of vapor molecules and NC gas molecules
in the non-equilibrium state were shown to be the same values or same definitions
as those in the equilibrium state proposed in the previous studies. From this results,
we concluded that the KBCs in the non-equilibrium state where the net evaporation
(the non-equilibrium evaporation) of vapor molecules occurs were presented by the
same forms as those in the equilibrium state. The KBCs of vapor molecules and NC
gas molecules in both the equilibrium state and the non-equilibrium state where the

net evaporation occurs, which are investigated in Chapter 5, are as follows:

vV o _ aZ(TL7 ¢)pv*(TL7 ¢) + [1 _ aX(TLa ¢)]MV
(27 RVT)%?

out —

< E+&+¢&2
Xexp| ———+—
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SRVT, ), or & <0, (2.26)

and
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( E+E+¢2
Xexp | ————==—

fi : .
SROT, ), or &, <0. (2.27)

Finally, the KBCs for evaporation of locally heated vapor molecules were con-
structed using MD simulations in Chapter 6. The temperature of vapor molecules
located in the gas—liquid interface was instantaneously increased, and the KBCs im-
mediately after temperature increase were constructed in the single-component sys-
tem and the binary mixture system. We observed that the velocity distributions of
KBCs became anisotropic in the normal and tangential directions to the gas-liquid
interface after instantaneous temperature increase of interfacial vapor molecules.
This led the difference in the temperatures of KBCs in the normal and tangential
directions. In the single-component system, the tangential temperature slightly in-
creased from the initial liquid temperature, whereas the normal temperature became
almost the same temperature as an instantaneously-increased temperature of inter-
facial vapor molecules. In the binary mixture systems, the tangential and normal

temperatures became lower than those in the single-component system. Based on
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the above, the KBC of vapor molecules immediately after instantaneous temperature
increase in the vapor single-component system and the vapor—gas binary mixture
system are constructed as follows:

B e+ ¢2

Vo _ pgut exp [ — _
M (2rRY )T T 2RVT,  2RVTu

) , for &, > 0, (6.10)

and
v o_ p(‘)/ut (Text, @)
ot (2WRV)3/2ﬂ(Text7 ¢) Tn (Text7 ¢)

GHE £
X exp (— 2R‘/Tt(Tei,gb) - QRVTH(Text,¢)> , for &, > 0. (6.13)

The physically proper boundary condition for fluid dynamics analyses that rep-
resents the non-equilibrium evaporation of liquids with considering the effect of the
gaseous component can be derived from the MGD analyses with imposing KBCs
given by Egs. (2.26) and (2.27). Fluid dynamics analysis for the Leidenfrost effect
with imposing such a boundary condition is one of future works. Furthermore, using
KBCs discussed and constructed in this thesis given by Eqs. (2.26), (2.27), (6.10),
and (6.13), accurate MGD analyses for phase change phenomena can be performed
as well as the derivation of boundary conditions for fluid dynamics. Therefore, the
results presented in this thesis are expected to make significant contributions in
many ways to computational analyses of physical phenomena involving the non-

equilibrium evaporation of liquids.
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Appendix A

Rebound mechanism of impact
nanodroplet on superhydrophobic surface

Preface

A rebound of the liquid droplet can be observed when the droplet impacts on a
superhydrophobic solid wall [91-93]. In this appendix, we describe the mechanism
of the rebound of the droplet that impacts on the unheated and superhydrophobic
wall in the MD simulations. Furthermore, the elucidated rebound mechanism is
compared to the levitation mechanism of impacting droplet on the heated wall,

which is summarized in Chapter 3.

A.1 Simulation settings

The MD simulations were performed using the almost same system conditions de-
scribed in Chapter 3. However, to reproduce the rebound of the impacting droplet
on the superhydrophobic surface, we set a in Eq. (3.7) to @ = 0.007, which leads
the fairly weak liquid-solid intermolecular force. Sedighi et al. [110] reported in
their MD simulation with a = 0.007 that there was a good agreement between
the simulation and experiments [117] regarding a droplet motion of bouncing off
and a temporal variation of the spreading and receding diameter of the droplet.
Kobayashi et al. [88] also reported that the time evolution of the droplet spread-
ing radius obtained in their MD simulation with @ = 0.007 was in good agreement
with that obtained in the experimental study [158]. Therefore, we consider that
setting of a = 0.007 of the liquid—solid intermolecular force to make the solid wall
superhydrophobic is not an excessive setting, but a reasonable one.

The droplet was given the initial velocity toward the solid wall at V5 = —100 m/s
(We = 13.6), and the wall temperature was set to be constant at T, = 85 K. The
double-cylindrical control volumes (shown in Fig. 3.7) were used to calculate the
density and velocity fields inside the impacting droplet for the investigation of its

rebound mechanism.
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A.2 Rebound mechanism of nanodroplet

A.2 Rebound mechanism of nanodroplet

Figure A.1(a) shows the density field of the rebound nanodroplet which impacts on
the unheated and superhydrophobic wall with V5 = —100 m/s. The density in the
figure is binarized at the threshold density 430 kg/m3, and the red part represents
the liquid-phase region (see Section 3.2.4 for details). The figure illustrates that
after impacting and spreading on the solid wall, the droplet detaches from the solid
surface while returning to a spherical shape. Evaporation from the bottom of the
droplet and the adsorption of the liquid molecules on the solid wall do not occur on
the unheated and superhydrophobic wall unlike the case of the impact on a heated
and hydrophilic wall. Thus, the rebound droplet maintains almost the same volume

before and after the impact on the wall.

(¢) r-directional velocity field =1 N
3 s S T e

t=-50ps Ops H0ps 100 ps 150 ps 200 ps 250 ps 300 ps 350 ps 400 ps 450 ps 500 ps

Figure A.1: (a) Binarized density field that represents behavior of rebound nan-
odroplet impacting on unheated (T, = 85 K) and superhydrophobic (o = 0.007)
wall with V5 = —100 m/s. (b) z directional and (c) r directional velocity fields
corresponding to binarized density field.

Figures A.1(b) and A.1(c) show the z directional and r directional velocity fields
inside the liquid-phase region of density field of the rebound droplet. Compared
with the levitation droplet from the heated wall, a higher upward velocity in the z

direction occurring at the edge part inside the droplet is not observed; furthermore,
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A.2 Rebound mechanism of nanodroplet

there is no velocity difference in the r direction between the upper and lower parts
of the droplet.

To quantitatively confirm the velocity difference inside the rebound droplet, we
calculated the z directional average velocities at the edge, whole, and center of the
droplet. Figure A.2(a) shows time evolutions of the z directional average velocities
at edge, whole, and center of the rebound droplet. The velocities were calculated
based on the same method shown in Fig. 3.16(a), which is used for the investigation
of the levitation mechanism from the heated wall. As the adsorption film is not
formed on the superhydrophobic surface for o = 0.007, Layer 1 is not excluded
from the calculation of average velocities. The open square in Fig. A.2(a) represents
the time when the droplet (the liquid-phase region) exceeds Layer 4 of the control

volumes, as in the definition of the occurrence of the Leidenfrost effect.
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Figure A.2: (a) Time evolutions of z directional average velocities at edge, whole,
and center of rebound droplet. (b) Time evolution of r directional average velocity

at bottom of droplet. Open square in (a) and dashed line in (b) represent the time
when droplet exceeded Layer 4 of control volumes.

The all average velocities become a uniform during the rebound process, indi-
cating that the rebound droplet exceeds Layer 4 without the difference in the z
directional velocities at the edge, whole, and center parts, as shown in Fig. A.2(a).
This tendency is clearly different from the case of the levitation mechanism from
the heated wall where the z directional average velocity at the edge of the droplet
greatly exceeds that of the entire droplet, as shown in Figs. 3.16(c), 3.16(d), and
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3.26(c).

Furthermore, we calculated the r directional velocity at the bottom of the re-
bound droplet based on the same method as that in Fig. 3.24. The time evolution of
the r directional average velocity at the bottom of the droplet is shown in Fig. A.2(b).
Because the evaporation from the bottom of the droplet does not occur on the un-
heated wall, the velocity in the r direction was calculated in Layers 1-3 of control
volumes in the rebound droplet. The radial velocity increases at the spreading stage
after the droplet impact, and the velocity indicates the maximum one at approxi-
mately ¢ = 50 ps. In the subsequent receding stage, the radial velocity decreases
to a negative one, indicating that the the inward radial velocity is occurring at the
bottom of the droplet.

In the case of the droplet levitating from the heated wall, the outward radial flow
is induced at the bottom of the droplet by the evaporation of the liquid molecules
from the vicinity of the TPCL region as shown in Figs. 3.24 and 3.25(c). The
induced outward velocity causes the internal flow which eventually results in the
large upward velocity at the edge of the droplet. However, in the case of the rebound
droplet, the inward radial velocity is generated at the bottom of the droplet rather
than the outward one, and this leads no internal flow and no upward velocity. The
evaporation from the bottom of the droplet is a crucial factor in generating the
upward velocity inside the droplet, as demonstrated in Chapter 3, and the velocities
owing to the evaporation are not observed in the rebound droplet. From the above
results, we conclude that the levitation from the heated wall and the rebound from

the unheated and superhydrophobic wall are completely different phenomena.

A.3 Conclusion

The rebound mechanism of the impact droplet on the unheated and superhydropho-
bic wall in the MD simulation was investigated comparing with the levitation mech-
anism from the heated wall. Unlike the levitation droplet, the internal flow did not
occur inside the rebound droplet and there was no velocity difference between the

edge and center part. This caused the rebound droplet to detach from the solid
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surface with a uniform velocity throughout the droplet.

The results shown in this appendix support the discussion made in Section 3.3
that the generation of the internal flow, which is the factor causing the droplet to
levitate, is a unique phenomenon caused by the evaporation of the droplet on the
heated wall. We conclude that the levitation from the heated wall and the rebound
from the unheated and superhydrophobic wall occur with completely different mech-

anisms.
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